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wc warner, se # Viscous Dispersion in Water Hammer 
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When a column of fluid moving with uniform 
the downstream end a pressure wave 1s propagated upstream 


velocity is instantaneously stopped at 
In an inviscid fluid the 


wave is a step discontinuity, and the pressure so calculated serves as an easily obtained 


upper bound for all practical 
may be either difficult or impossible to 
viscous dispersion in relation to the upper bound 
problems of practical interest the 


effects of viscostt 


Introduction 


a DIES HAVE BEEN MADE ol 


hammer problems, 


wall shear in water 
ind techniques have been devised whici. ac- 
1, 2]. But comparatively 
little consideration has been given to the viscous effects which are 


count for the resulting pressure drop 


related to velocity gradients in the direction of flow As Lager- 


strom, Cole, and Trilling [3] have pointed out, these effects are 
dispersive, rather than dissipative as in wall shear 


i the fluid 


disturbances 
ire instantaneously propagated thro ind steep wave 


fronts are “‘smoothed out 


In all practical water-hammet! problems the exact solution may 
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Nomenclature 


water-hammer™ problems, the exact solution of which 
This paper describes an analysis of 
The conclusion is reached that in 


antly changed by the dispersive 


obtain 


hound 1s mol stent 


he difficult or impossible to obtain because of the combined effects 
ola complicated mode of valve closure, conduit elasticity, and 
wall friction In these problems an easily obtained upper bound 
on pressure is found by assuming instantaneous valve closure, an 
inviscid fluid, and a rigid conduit 


Joukowsky analysis [4] by 


It may be obtained from the 
letting the modulus of elasticity of the 
pipe approach infinity 
p pP 

UV Bp 


this paper is to determine whether or not inclusion af viscous dis- 


In terms of the dimensionless pressure 


the value of this ipper bound is units The purpose ol 


persion leads to a more conservative upper bound 


Lagerstron Col ind 


Trilling have investigated the velocity 


distribution across one-dimensional longitudinal waves propa- 


gated in a viscous fluid. They have obtained asymptotic solu- 


tions tor small time 


ind iarge time tor the problem in which one 


end of an initially motionless column of fluid is instantaneously 


wcelerated to a constant velocity ty' i piston This problem, of 


easily transiormed by a change of co-ordinates to 


1 moving column of fluid which is instantaneously stopped 


it one end However. they do not have a solution for pressure 


In this paper an expression [or the pressure distribution is de- 


veloped in the form of an infinite series valid for all time 


Analysis 


As a model for this study a compressible liquid is considered to 
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} 
Equation (34 


t - 
, Equation (35 
V B/p, velocity wave propagation in the fluid 


onstants 


index: assumes the values of all positive odd in- 
tegers 
length of conduit 
3 6¢ 
L’, dimensionless length of conduit 
i pv 
index; assumes the value of all positive odd inte- 
gers 
pressure 
initial pressure in conduit 
condensation, Equation (; 


time, measured from valve closure 
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, dimensionless distance 
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width of wave front 
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i vp 
particle 


7’, dimensionless displacement of a fluid 


kinematic viscosity 
function of z 
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function of ¢ 
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Fig. 1 Physical model and co-ordinate system 


be flowing without wall shear in a rigid conduit of finite length at 
a constant and uniform velocity. At the downstream end of the 
conduit a valve is instantaneously closed, while at the upstream 
end the pressure remains at a constant value, Fig. 1. It is de- 
sired to find the pressure distribution as a function of time when 
the dispersive effects of viscosity are included. 

There are three dependent variables, the pressure p, the density 
p, and the velocity u. These are related by the following three 
simultaneous differential equations: 

(a) The Navier-Stokes equation for one-dimensional compres- 
sible flow [5], 


1 Op 4 Ou 
a 
3 oa’? 


p or’ 
b) the continuity equation [5], 


Op 4 Of pu) y 
ot’ oz’ 


the equation of state [6] 


’ 


d, d 
p = al (3) 
p 8 


\s it stands, equation (1) is nonlinear because of the convective 
icceleration term, udu/dxr’. Fortunately, this term is negligible 
when compared with the local acceleration term, 0u/dt’, which can 
be shown by the following argument: When the valve closes, 
successive layers of fluid are decelerated from the initial stream 
velocity U to zero velocity. 
to be of length 6, Fig 2 Now 


Consider the interval of transition 


Ou 
Or’ 


\ typical value for U is 50 ft/sec, whereas c is about 5000 ft/sec, 

which makes the magnitude of the convective acceleration one-one 

hundredth of the local acceleration. The Navier-Stokes equation 
1) thus reduces to the linear form 

ou 1 Op 4 

‘ cee 


ox’ 3 


O*u 
ot’ p da’? 
Since the Lulk compression modulus £ for liquids is very large, 
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Fig. 2 Wave front in fivid 


the variations of density are small. 


Employing the condensation 


s, where s< 1, the density can be expressed by 


p = pol + 8), (8 


where py is the initial density of the liquid 
tion (2) and the equation of state (3 


Os 
ot’ 


ds 


Substituting equation (10 


1 Op 
B ot’ 


The continuity equa- 
become respectively: 
Ou 
Or 
dp 
B- 


into equation (% 


Ou 
- = Q, 1} 
Or 


If n’ is the displacement of a fluid particle from its initial position, 


then 


Using equation (12 


1 Op 
B at’ 


Integrating equation (13) 
r(x’, t’ 


_ p(x’, 0) = | 


Now p(x’, 0) 


constant and equal to the pressure at 
0 for 0 < 2’ < 


on’ /dzr'(x’, 0) = 


Pp — Po 


Substituting equation (12) into equation (7 


077’ 1 
ot’? 


When equation (15) is differentiated with respect t 


, equation (11 


= po, the initial pressure in the 


hecomes 


O"n 
or’ Ol 


with respect to time gives 


on’ ; on 
(z’, t') — r’, U0 14 


ox’ 


‘ond it, which 1s 


Also, 


the opel 


end 


L’; hence 

on’ 

= —§ il 
yields 


Op 


+ ’ (16 


p oz’ 


ind sub- 


stituted into equation (16) the result is 


, 


on 
ot”? 


d?n’ { 
B ul 4 


p or" 3 


o"n 


, (17) 
Ox’*0t 


It is convenient to introduce the following variables into equa- 


tion (17): 


(18 
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Boundary condition (23) yields 


0 


= Dye-*! + Dye” 
(20) Thus, D, = D, = 0. 
Boundary condition (24 


gives 


0 = (De-* + De)y cos YL, 
whence 
Equation (17) becomes 


0'n O*n Oo” where n 
ot? oz? ortot” 


= 1 3,5,. 
Therefore 


The solution of equation must satisfy the following boundary 


and initial conditions: 


7 = ( Dan * Dane?’ 
n=1,3,5 
n(0,t) = 0 > 


? 


. nr 

sin ; (40) 
2L 

Initial condition (25) gives 


x 


n=1,3,5 


Thus D,, = D. = D,. 


Initial condition (26) gives 
26 


Ase iming a product solution ior equation 


naz 
z > Da, + 6,) sin ry, 
n=1,3,5 —— 
22) of the form 
n x)T(t), (27) Multiplying equation (42) through by sin 
where = is a function of z alone, and T is a function of ¢ alone, between z = 
gives 


and integrating 
O and z = 


L gives 


(43) 
a | 


Vy L kar I — 
’ 1, sin ~~ dz Dia, + b, sin? = dz 
(etter ¢ Jo «6-2 E 2 
which leads to 


ull terms vanish except those in which n = Thus, 
where ¥ is a constant 


Thus, two total differential equations for the functions = and i 
are obtained: 


These have the solutions 


Hence, 


n= Dye~** cos yr + Dy e** cos 72 
Dye~* sin yx + De sin yr. (36 
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Thus, the displacement 7 is given by 


PG an (F) a (20 
] ar’ | nw \? 

2 (=*) ada (=) r 

2 (az) sinh : (= 


2L 


41 
n> 
” 


Differentiating equation (49) with respect to z and using the re- 
sult in equation (15) provides the following expression for the 


l ne \? 
> 21 oe l ( nT 
é - 7 sin 
9 


2L 


pressure: 


?) 


Results 


All of the numerical computations on which the following re- 
sults and conclusions are based have been carried out by means 
of an IBM Type 650 Magnetic Drum Data Processing Machine 

The dispersive effect of viscosity is strikingly illustrated by Figs. 
3 and 4 in which the pressure distribution at various times after 
T/S 


valve closure is shown for L = If the fluid were inviscid then 


there would be stepwise-discontinuous pressure wave which 


= =~, 


040 





10 020 


ok 8) 


Fig. 3 Pressure distribution for a viscous fluid in a conduit of length 
, 7 
8 


nviscid fluid 


«Viscous fluid 


ee 


Fig.4 Pressure distribution in a conduit of length L = : for inviscid and 


viscous fluids at time tf = 0.135 
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nT 
yy 
] nw (= 2 
2 (27) *) —— 


)yi-( 
> (3) ¥-(F 
MS Tee fe 


2L 


2 NIX 
t sin 
2L 


3 nwxX 
$¢ sin OL 


nw \? nwr 
t COS 
2L 2L 


; 


)¥(zr) 
(57) 


would move with the velocity ¢ relative to the conduit, as shown 


in dimensionless form in Fig. 4. Of course, a dimensionless length 


of 7/8 is infinitesimal when converted to dimensional units and is 
useful only for illustrative purposes The corresponding conduit 
length for water at 68 deg F is 1.187 K 10-° ft For all lengths of 
practical importance viscous dispersion serves only to smooth out 


the discontinuity of a wave front, not to eliminate it entirely 


To answer the question of how viscous dispet iffects pres 


Pressure variation at x = Oin a conduit of length L = 


gi : ‘ — a ‘ 50 “100 


0 in conduits of various lengths 
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Fig. 6 Pressure variation at x = 





+ 


Fig. 7 Maximum pressure at x 0 


sure at the Vaive, the series has been evaluated for z = 0 and tor 
various lengths up to and including 77/2. The pressure-time re 


These 


ind not instantane- 


lations for some of these lengths are shown in Figs. 5 and 6 
figures show that the pressure rises gradually 
ously, as it would in an inviscid fluid 


(lso, it is evident that 


the maximum pressure depends on the length of the conduit 


unother departure from inviscid behavior 
Pp 
Uv Bp 


is the pressure 


Fig. 7 shows that, as L increases, the maximum value of 
isymptotically increases to units ch, of course 


rise calcul ited on the basis ol viscid fluid and is the 


(? p 
1. 6939 


\U V Bp) mas 


istial 


bound For L smaller 


ipper 


l per cent lower! 


while for larger L, 


is less than 1 per cer Using this | per cent 
\U -V Bp/ max 
is a criterion, it may be said that the consideration of viscous dis- 


persion provides a more conservative upper bound than the in- 


viscid analysis for L < 1.6937 However, for L 1.693, the 


improvement is negligible 
\ typical dimensional length / which corresponds to L 
1.6939 may be computed from the val 
68 deg F 
10~* ft 


were 25 ft 


and c for water at 
it is only 1.604 


if the conduit 


ies OF V 
1.088 & 10 it?/sec and 4800 [t /see 
Looking at L 

long and c 


1.69397 another way 


were 4800 [t /se« then the correspond- 


ng kinematic viscosity would be 1.694 K 10* {t?/se« Since the 


between 107* and 10 


Kinematic viscosities of most liquids lhe 


{t?/sec pressure would be significantly lessened only if kinematic 


viscosity were on the order of 8 magnitudes greater than ordinar- 
ly encountered 

Thus, it may be concluded that in all practi il water-hammer 
proble ms the consideration of viscous dispersion does not provide 


i significantly better upper bound than that computed on the 
PI I 


issuumption of an inviscid fluid 
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DISCUSSION 
W. Douglas Baines® 


There is a real need for a fuller understanding of the funda- 
mentals of water hammer a good intro- 


duction to the dispersive effects of viscosity and thereby should 


This paper provides 


lead to other contributions. In particular, the demonstrated 
linearity of the differential equations should make 


to analyze other cases. 


it possible 


Although the stated object of the paper is the evaluation of an 


ipper bound for the pressure, many other flow characteristics 


should be obtainable from the solution because of its generality 
In other words, equations (49) and (50) should provide full 
details of the shape and motions of the pressure wave under all 
The thickness of the wave 6 (Fig. 2) is of particular 


interest in reflectior problems 


conditions 
The authors do not discuss this 
further, nor is there any indication of it on the figures showing 
the solution obtained. The writer suspects that this is because 
the lengths of pipe which the authors analyze are short compared 
to this thickness 
long pipes. Have 
to give the absolute size of 6 for typical cases? 


hus one should examine solutions for very 
these been obtained and, if so, is it possible 
Perhaps the 
solution given is not the best one for such a determination. It 


might be better to replace equation (24) with the boundary con- 


lition for infinitely long pipe. Has this been attempted? If 


so, is the solution more manageable than the one given? 


The writer commends the authors on their analysis and urges 


them to continue further 


Henry M. Paynter® 


The authors have here addressed themselves in fine style to 


the task of investigating one of the dispersive mechanisms in 


water-hammer phenomena. The writer and a colleague have 


recently discussed’ a possibly more general situation and out- 


lined a radically simpler and more widely useful method of ap- 


proximate solution 


Using the methods of the cited reference, the present disper- 


sion problem may be expressed as follows 


Op 
= ( pp l 
Or 


Chen in terms of the authors’ notation (in so far as possibl 


Propagation Operator J YL V1 TD 
~ 


Finite 


vhere 


dispersion length = 


dispersion time 


For a sufficiently long (1.e., semi-infinite) pipe, the operator 


represents the pressure ratio between the pressure at distance 


Department of Mechanical Engineering, University of Toronto 
Toronto, Canada 
* Associate Professor of Mechanical 
Institute of Technology 
’F. D. Ezekiel and H 


Properties of Fluids 


Engineering, Massachusetts 
Cambridge, Mass. Mem. ASMI ~~» 
M. Paynter, ‘“Firmoviscous and Anelastic 
and Their Effects on the Propagation of Com- 


pression Waves,"’ ASME Paper No. 59—Hyd-19 
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L’ and that at fhe end. The writer has shown that 
] 


is expanded in a power series 


I(D) = T,,D - 


the time constants have the following significance: 
T,, = mean delay 
= dispersion time 
In the present case 


L'/e 
Dispersion time: T,= V L'L ( 
=V L/L’ 


Mean delay: 


Relative dispersion: 


‘These expressions lead to the authors’ conclusions very directly, 
without the necessity of obtaining detailed solutions, yet also 
afford very 


rapid approximate solutions as indicated in the 


reference 


Authors’ Closure 


The authors wish to thank the discussers for their interesting 
comments and additional contributions to the subject of the 
paper 

Professor Baines is correct in stating that equations (49) and 
50) contain much more information than has been presented in 
the form of curves and numerical results. The problem is that 


of extracting information from the infinite series. These series 
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when r 


equations (49) and (50), are so slowly convergent that the results 
which have been presented are about the maximum that can 
reasonably be obtained by summing the series with the relatively 
slow IBM 650. 
and thickness of the initial and reflected pressure waves in longer 


The original plans were to investigate the shape 
conduits; however, the longer the conduit, the more terms that 
are needed in the series to retain accuracy, and the greater the 
computation time. To have carried out these additional inves- 
tigations would have required an exorbitant amount of computer 
time 


Only with a much faster computer could more informa- 


tion have been presented. 
The classical separation-of-variables method used in the paper 


is not applicable to a semi-infinite conduit because a boundary 


condition at infinity cannot be applied For such a conduit 


in operational method of solution, such as that outlined by 
Professor Paynter, would appear to be appropriate 

The dispersion that Professor Paynter considers in his paper’ 
is unrelated to viscous dispersion and is thus not a more general 
situation. Viscous dispersion results from the term (4/3)v0*u 


Or’? in equation (1 but the dispersion analyzed by Professor 


Paynter is a consequence of a time-dependence of the bulk com- 
modulus In 


pression certain situations this latter effect is 


probably important, as has been noted in the discussion and 


closure of a recent paper by one of the authors.’ The more 
general situation would seem to be when both viscous dispersion 


ind « time-dependent bulk compression modulus are considered, 


oa a 
Liquids,”’ published in this issue, pp 


Rouleau, ‘Pressure Surges ng Viscous 
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CHARLES JAEGER 


English Electric Company, 
Rugby, England 


a determination of surge-tank stability and the 
validity of the Thoma formula are currently demanding much 
attention from hydraulic engineers. The author believes that a 
useful contribution could now be made toward a better under- 
standing of the problem by a comprehensive review of existing 
published works and by further comments on known facts and 
test results 

When Scimemi (Padua 
validity of the Stability Theory of Thoma, it was felt that a 


published some critical remarks on the 


review of the whole problem of surges was desirable. A general 


discussion was introduced in 1953 at The Institution of Mechani- 


cal Engineers, London, England [24],' which brought forth much 


additional material in the form of further contributions 


The situation with regard to stability theories today is similar 


and a review is desirable of the often widely 


facts, 


dive rgent the ories 


ind opinions concerning surge-tank stability. 


Theory of Thoma (See Appendix 1) 


rhoma writes the dynamic eq 
-tank 


Assuming very small oscillations, the 


tation of surges and the equation 


of continuity at the surge junction to the tunnel for the 
case of a single surge tank 
be linearized and 


Routh-Hurwitz 


und Fig. 1 


discussion becomes possible 


leads to the 


equations can 
1 he 
Ref. [40 


so-called criterion formula 


where n is the stability factor, and the controversy centers on its 


value 
Thoma has been ex- 


Since it was first published, the Theory of 








Fig. 1 


Numbers in brackets designate References at end of paper. 

Contributed by the Hydraulic Division and presented at the Annual 
Meeting, Atlantic City, N. J.. November 29-December 4, 1959, of 
THe AMERICAN Society or MecHANICAL ENGINEERS. 

Norte advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Sep- 
tember 21, 1959. Paper No. 59-—A-270. 


Statements and opinions 
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A Review of Surge-Tank Stability Criteria 


tended to all types of tanks and systems of tanks, but it is well 
understood that the following assumptions on which it is based 
are not always fulfilled: (a) The turbine governor is governing 
for constant power,? (b) the surge-tank oscillations are small, (¢ 
the turbine efficiency is constant, (d) pressure losses in the pipe- 
line can be neglected, (e) velocity head in the tunnel can be 
neglected, (f) the governor is highly sensitive and reacts im- 


mediately, (g) the power station is isolated and not intercon- 


nected with another station 
It is with these assumptions in mind that any criticism must 


be made 


Criticism of Thoma 


tecent criticism of the Formula of Thoma has been based on: 
a) Mathematical analysis using Liapunoff’s theorem, (b) tests 
on prototype and model surge tanks 

Surge-Stability Analysis Based on Liapunoff's [31 }. 
Liapunoff’s broad theorem shows that linearization of the equa- 


Theorem 


tions is permissible near the points of instability and emphatically 
touth-Hurwitz stability The 


theories confirm the fact that unstable conditions may oecur and 


confirms the criteria two 


make possible the calculation of these pomts. It can be suspt cted 
that the two approaches must lead finally to the same conclusions 
The 


fore him 


Marris analysis [31] shows, like that of many authors be- 
that ire two points where unstable conditions 
ure likelv to occur His analysis is carried out in a plane 
y ds/dt (where Z-—Z 

dZ /dt O and 0 


that examined by Thoma 


thers 
8 and 
The first point where u = ds/dt 
origin of co-ordinates) is obviously the 
same as and Marris easily finds a con- 


dition identical to the Thoma condition (See Appendix 1 for 


definitions 


z4 


Stability conditions for a single surge tank when governing for constant power output. P = y7Q(H + Z). 


Marris, 
0, a surge can be repre- 


An additional condition is then introduced by who 


shows that, near the origin u U, 2 


?Very recently N. L (Proc. ASCE, Paper HY.4, 
April, 1959) used a digital computer for problems where “governing 
with constant power” The computed surges showed 
marked and partly unexplained differences with conventional results. 
Full gate opening was reached. These findings require further in- 
vestigation 


Barbarossa 


was assumed. 
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sented by a function u u(z), u being a function of z, on a (z, u) 


This function is a spiral and Marris shows that for 
stability this spiral must lie within a circle having a diameter p 
where p can be calculated using the method of Kryloff-Bogoliou- 


bofi 
(Se) Fo? }'7* /[ 3F v2 (Se) 
2] 2 - / ey 
Zs H, / Hy Z* 
When the Thoma condition is fulfilled, 
(ty Fv? 
2 o= 
Ze Hy 
and, for such a cirele to exist, p must be real, hence 


OF Vo* 9 ( "0 ) > 0, 
H, Zs 


giving a new condition 


diagram 


Z« he Fv? 

2 > &/? a 

Hy Z« 

Probable values of Z«/Ho a 
values are rarely acceptable because of governing conditions), 
giving I’1?/Z« « 


re from 0.05 to 0.15 (since higher 


0.075 to 0.025, corresponding to short pressure 


tunnels with low water velocities—an unlikely design 


In many cases there will be no such circle as shown by the 
theory and no additional condition for stability. Nevertheless, 
this additional condition shows that special care should be given 
to surge systems with relatively short tunnels. It is well known 
that they cause surges to originate which are slow to die out, and 
a substantial majoration factor is required which would auto- 
matically maintain the spiral curve well inside the stability circle 

rhe second point of the plane 8. u ds/dt where instability 


may occur has the co-ordinates 


aH, 


Che Liapunoff theorem which shows the existence of such a 
point of instability is rather involved. The classical approach 
25 ]* shows the existence of this same point in a much simpler way 
in a plane The axis of the oscillations is the intersection 
point ol the loss curve —Z 
OH Z C = Q(H + Z,). There are obviously two points 
of intersection (or, at the limit, a point where the two curves are 
tangent), Fig. 2 


Fv?, and of the governing curve 


Combining the two equations yields 
1-H + 2%) VZo/(-F 


-Z . and s Z-Z 


(" 4 2) : (H, + 8) 
Z H 


(s + Z,) Hy + \2 


then 


= H,?Z, 


\ first root of this equation is s = 0, Z = Z — Fvo? which 
corresponds to the first solution indicated by Marris (s = 0, 
ds/dt u 0). 


The second solution is the positive root of the equation 
8? + (2H, + Z)s + Hy? + 2Z Hy = 0, 


*C,. Jaeger, ‘‘Engineering Fluid Mechanics,” 1956, pp. 234-235, 
and Fig. 132. 
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which is 


Foo? (= ‘ , Fe’ 
. 
2 . we a H 


which is identical with the second solution given by 


— + 


Marris 
the analytical method or 
with the graphical method have already shown that the second 
axis of oscillations represents « highly critical position of equi- 
librium and that drainage of the tank is likely to occur.‘ It is 
most interesting to read that Marris’ theory confirms this danger 
of drainage, well known to tank designers 


Direct calculations carried out by 


Although no actual design where the oscillations would take 
place around the second axis of oscillations is 
writer- 


known to the 
such a system would be highly uneconomical— it is excel- 
lent to be warned again against such a danger 

A further development of Marris’ analysis may be mentioned 
here. Following some previous work by Paynter, Marris deals 
with the problem of the stability of large oscillations as opposed 
to the small oscillations considered by the classical approach 
His final formula is 


(F) 
Zs 
Foy? 2 
H 
whereas Paynter’s development vields 
Fr 9 iy i 9 ( I ) ° 
H “LBs H 


For comparison the two curves @ and @) are drawn on Fig 
together with the curve @ of Thoma 


Fuo?/H 


see Appe ndix ] 


Fv? (“ 2) 
= 2 ‘ or a 0) 
H Zs 


and the curve G 


wm? LAy 
2g Fu?H, 


1 + 0.482 = A 1+ 0.5 6 
H H 


developed by the writer in 1943 [21 


Curves (3) and (@) are found 
About the same time, J. Frank [15 
had checked the same problem by direct graphical calculations of 
1942, and the 
writer’s findings, 1943, are shown in one diagram, Fig. 4 


to be practically identical 


a great number of surge curves. The Frank curve 


‘Charles Jaeger, Schweizerische Bauzeitung, 1943 


*Z 





~z-Fy* 


Fig. 2 The two axes of oscillation | and Il, corresponding to singular 
points in Liapunoff's theorem 
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There is, therefore, excellent agreement of the theories de- 


ind the writer [21] with 
To allow for the 


veloped by Paynter [34], Marris [51 
the curve of Frank and some results by others 
danger of large oscillations, the surge-tank area must be enlarged 
and formula (6) is the simplest and most direct one which can be 
used 

When the 
large, additional losses occur at the base of the surge shaft where 


A final remark must be inserted here surges are 
the water is diverted from the pressure tunnel into the shaft, or 
These 


I scande 12, 13 


from the shaft into the pipeline or tunnel losses have a 


18} in some of their developments 


stabilizing effect were considered by 
and Gardel 
Marris’ work has yielded quite valuable results. In fact, there 
is nothing in his findings which contradicts the classical results of 
Thoma and of Calame and Gaden. On the « ontrary, they are con- 
firmed and several other points are confirmed too 
Test Results. 1947 and 1948, at Pelos, Fadalto 


and Partidor showed that these surge tanks produced damped 


sScimemi s tests, 


oscillations, even though the stability factors were 0.71, 0.66, and 


0.49 respectively These findings cast some doubts on the 


y I 


‘ + 4 4 4 + 
oO OOS 0/ O'S 02 025 03 
Fig. 3 Conditions for perpetual oscillations of large surges: 
Curve of Thoma 
Curve of Marris 
3) Curve of Paynter 
‘ Curve of Jaeger (1943) 
x Fvy,?/Z, = F, 
y Fvo"/Z,-Z,/H 


(Diagram taken from Marris' paper, 1958, completed with curve 


F../H 


validity of Thoma’s formula, but they may be explained by in- 
vestigating the conditions prevailing during the teste 

In Thoma’s analysis, the efficiency factor 7, in the expression 
P nQ(H + Z), is assumed to be constant. How- 
ever, Calame and Gaden, in a more advanced paper, have assumed 
that 9 varies with P. Where 0n/odP > 0, the variation of 7 con- 
tributes substantially to the stability of the surges, but where 
0n/OP < 0 (usually for P > 75 per cent of the maximum ca- 
, variation of 7 causes the surges to be less stable. 


lor power: 


pacity 
The tests carried out by Scimemi were definitely in a region 
where on oP 


creased by the variation of efficiency® but his papers make no 


> 0, and the surge stability was substantially in- 


mention of possible variations of 9 with P and their effect on 


stability. Fig. 5 shows how Fig. 2 is to be modified when the 
efficiency is not constant, or when the turbine is provided with a 
gate limit 
A second 
Chevalier and M 


the ( ‘ordéac 


factor concerns the governor characteristics. J 
Hug have carried out most interesting tests on 
surge tank, showing that, when the surges can be 


represented bv a function 


Me 


the governor usually follows with a delay @, the guide-vane dis- 


pl wement being given by a functior 
& W'e sin 2r(t + )/T. 


Phis delay 
in the 


estimated to be about 20 sec, causes a marked in- 


stability The two authors think that this 
In addition, 
governors do not react to very small variations of turbine dis- 
} 


creast surgé 


fact partly explains the results obtained by Scimemi 


ares 

l'o contradict Scimemi’s conclusions, it is possible to enumeral 
i series of test results and measurements confirming the validit, 
of the Thoma which it is based 


formula nd the theory on 


instable surges for n 


of Thoma’s 


I The 
0.92 


Heimbach surge tank showed 
rhis marked instability was the starting poin 
research 

2 A surge-tan 


Lausanne 


Polvytec hnig it de | I ni 
nd Bonnard in 1954 [24 


Keeole 


irdel 


model at the 
versité de tested by G 


Mech. E., vol. 168 


See ( oceedings, I 


Blanche 


J seer P 
Houil 


1954, pp. 100-101. 


December, 1957, p. 902 remark by 


et also La 
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Fig. 4 Stability of surges according to Thoma, Jaeger (3°), and Frank (8);..). 


“Engineering Fluid Mechanics,” 1956. 
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Diagram from Jaeger, 
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Fig. 5 Modified Fig. 2. 
surge tank. 


\ surge 
Niagara Falls Laboratory tested by I 
Messrs. H. G. Acres [32] 

t Direct step-by-step calculations 


tank model with an electronic governor at the 


MeCaig and F. Jonker of 


analytical or graphical 
use of digital computer) permit a direct check of the 
Choma formula 


method or by 


corrected for large oscillations) [15, 21] 


5 The Cordéae surge-tank tests by Chevalier and Hug (see 
Appendix 2 


Calame and Gaden have shown that any surges are stable or 
damped whatever the surge-tank area, provided the power sta- 
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VARYING EFFICIENCY 


WITH GATE LIMITER. 


Curves for constant power and constant efficiency, varying efficiency and conditions with gate limit, for a large 


tion under consideration is connected to a large electrical supply 
system, and the station’s own capacity is less then one third of 
the total generating capacity directly connected to the system 
This argument has been further developed by Evangelisti and 
others. 

According to Ailleret, an electricity generating system similar 
to that in France can dispense with the necessity of abiding by 
the condition of Thoma, since most of the French hydropower 
stations are directly and permanently interconnected with large 


systems. 
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Fig. 7 Diagram showing feedback arrangement used by Cuénod and Garde! at 


Oelberg (1953). 


['wo recently designed French surge tanks at La Rhue (n 
0.077) take 
\illeret’”’ surge tanks do not prove the 
theory of Thoma to be at fault, they show that under certain 
conditions, the Thoma formula can be disregarded 


0.25) and Jouques n advantage of this approach 


see Appendix 3), but 


Methods for Improving Stability in “Sub-Thoma” Surge 
Tanks 


It is always possible to get stability by severely limiting the up 


and down surges. This can be achieved by: (a) Heavily damping 
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P, and P, are potentiometers, R, and R,; are voltage regulators. 


or eliminating the governor, (4) introducing restricted orifices in 


the surge tank, or, (c) proper electric feedbacks. 

These conditions are now vastly different from the ones that 
were started with. The basic Thoma assumption that power is 
constant no longer applies 

Tests carried out by Cuénod and Gardel at the Oelberg Power 
Appendix 4 
of the differential surge tank was closed off, and only the riser 
tank, 
showed that stability could be achieved by usir g electrical feed- 


Station (see , during which the main tank reservoir 


was used to give a widely unstable narrow cylindrical 
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backs, and put the problem of surge stability for factors less 
than one in the correct light. 

If the large Oelberg tank were permanently isolated and only 
the narrow differential riser used, the power station would inject 
i varying output with a short period into the system. 
some doubt as to what would happen if 


There is 
on the same electrical 
another tank would be able to react to forced power 
surges with the same period. 


system 
Would there be some surge reso- 
nance? It must be stressed that, in their 1927 paper, Calame and 
(iaden do exclude such forced electric power surges in the “larger’’ 


system to which the power station is assumed to be connected 


Surge Stability of Systems of Tanks 

Assuming the Thoma analysis of surge stability to be funda- 
mentally sound, research can be carried further along the follow- 
ing lines: 


| Effect of large oscillations on surge stability. The latest 


researches of Marris and Paynter agree with former results of 
Frank and the writer’s formula. 

2 The effect of the velocity head V?/2g and the influence 
of losses at the junction of the surge shaft to the pressure tunnel] 
have been exhaustively analyzed by Gardel [18]. Similarly, the 
effect of the variations of 7 have been thoroughly studied and 
classical text books give formulas and methods including the 
effect of V? 29 and of 7] and On OP in the estimate of A Th 

} ~The Thoma analysis has been extended to more complicated 
surge-tank systems, as they often have to be used for large modern 
hy dropower systems. 


lhe theories developed by ©. C. Zienkiewiez in “Stability of 
Parallel-Branch and Differential Tanks” [41], by L 
Mscande on “restricted-orifice tanks,’’ and the writer’s research on 
“systems of surge tanks’’ [21, 26, 27], are well known. They 


show that, depending on the type and location of the surge tank, 


Surge 


its area can be reduced or must be enlarged, compared to the 
Thoma value, depending on the proper periods of the different 
More 


Sideriades of the system represented in Fig. 8 


interconnected systems recently there has been the 
inalysis by L 
The author uses the usual equations of continuity at the surge- 


nk junction 


Ly uy 


I 7, 
the dvnamie equations 


Ly, adh 


Z, + Fo? 
dt 


0 for pressure tunnel I, and 


Model tests are 
Tinper 


being carried out at the Hawksley 
London, England 


Laborator 


ial College for checking Gardel’s results 


! 


Fig. 8 Stability conditi for two surge tanks located upstream of a 
turbine with independent tunnels and pressure pipes. General case by 
Sideriades. 


770 
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Le dvs 
q at 


+ Zo + Fre’ 0 for tunnel II 


The equation for constant power output is then 


A pu,(H, + Z,) + A pul, + Z 


constant 


Sideriades correctly includes v?/2g in the equations (they are 
being neglected here). A further equation is needed and Sideri- 
ades writes for the tunnel junction 


u(A pum + A pin Apu? + A; 


which expresses the losses at the pressure-pipe junction and sup- 
poses them to be a minimum. There is some doubt in the writer’s 
mind about this equation and it is suggested that the flow at the 
junction depends on (h; + Z; and (he + Z, 
on the areas Ap,, Ap,. The remark does not change the funda- 
mentals of Sideriades’ analysis. Using the classical Routh-Hur- 
witz conditions, formulas can be developed which finally are 
shown to be a generalization of the Thoma formula 

The following numerical example applies to the Valabres power 
station which has the following essential characteristics 


and not merely 


H, 199 m; Az, 15 m?: A; 3.8 m? ip; L, 


6592 m 


H, 203 m; Az, $1.52 m?; Ap 1248 m 


5.3; ArVi, = 16; m1, F,/L,A7 x 10 


1.58; Ar,V2, t; T% 


F./LeA7 0 or 1.88 & 10 


According to Sideriades, the theory gives for the limiting surge- 
tank areas A* the values 
A,* 1.74 m? and A 0.43 n 


to check the “Thoma areas’’ for 
supposed to be independent 


It is easy 


Ath, 1.74 m? and Ay 0.89 m 
The ‘‘stability-proof”’ surge-tank areas, according to Sideriades, 


ire found to be substantially smaller than the corresponding 
Thoma areas 
The designer eventually adopted much larger 


A, 136 m? and A 6.10 m 


mainly for maintaining the surges within reasonable limits, a 


condition which often overshadows the Thoma conditions, when 


ipplied to medium or high-head power stations 
The very exhaustive study of surge-tank systems, which has 


been carried out in the last few years, can be summarized as 
follows: 


When there is a possibility of resonance between surges as 


with the system shown in Fig. 9, the surge-tan! s must be en 
larged. This is all the more important when considering the 
greater danger of resonance when the periods 7; and 7, of the 
systems I and II are similar. 

On the contrary, when it is not likely that the surges will ente1 
into resonance as in Fig. 8 by Sideriades, the surge-tank areas can 
be reasonably reduced The theoretical investigation of the case 
shown in Fig. 10 has proved that such an arrangement may re- 
quire smaller or larger areas depending on the location of tank I 

Finally, the researches by Escande [12, 13] and Zienkiewicz 
41] have proved the differential tank and the restrieted-orifice 


tank to be reasonably stable 


Selection of Value for Stability Factor 


The discussion on surge-tank stability finall 


centers on the 


stability factor n to be adopted. The stability factor can be 
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Fig. 9 Stability conditions for two surge tanks located one upstream, the other downstream of 


a reaction turbine 
































= 
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Fig. 10 Stability conditions for two surge tanks located on the upstream side of turbines, on one pressure system 


points of view a) A value re- 


iunalyzed from two different 
asalety tactor against 


quired for reasonable damping of surges, (b 
unforeseen causes not included in the classical approu h 

Determination of the Stability to Cause Reasonable Damping of Surges. 
For a single tank and the classical Thoma approach to the 
Fig. 11) as 





roblem, a damping factor A can be defined 
A 


where (all values being relative 
Fig. 11 Definition of damping of oscillations A = Z;,7/Z; 


The factor n Ary can be determined so that after a time 


C. Jaeger, ‘‘Engineering Fluid Mechanics,”’ 1956, pp. 253-255 
and Formula (28). See also C. Jaeger, Water Power, August, 1957, T.*T = 2nT, 1 hour, say; 


pp. 303-305 
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the damping of the surges A* should be reduced to 
A* = A/Zmox = 1/10, say. 

Therefore 

et (l/Hr o~2Fr.0)Tr* 


A* A lees = e2tFr.o.(1/Vn— Vn)T* 


log, A* 


2rF,.o..1/Vn — Vn)T,* 


1 hour 
247 (LA,/gAr7)” 


log, A* T.* 
log, A - 


Let T 2a(LArn/gAr) ‘? be now introduced as the unit of 
time instead of 7’ = 2m(LA,/gAz)'7*. 
A new relative value 7,** = 7*+/n (longer than 7',* if n > 1, 
as the unit time is now shorter) can be defined. 
Introducing this new unit, a formula 
log, A* 


2nF,.0.101/Vn — 


Vn ae '~ n 


log, A* = 2mF,,0,.(1/n — 1)T,** 


shows that all values can be expressed as implicit functions of the 
The 


known Thoma area, instead of the still unknown area A,,. 
stability factor n can now readily be calculated as 


i/ (: a 
. 2nF..0.17-°" 


and a damping A after a period 7', (or A* after a period 7',*) of 
the oscillations can be imposed. 

The theory can be expanded to meet the case where stabiliza- 
tion is improved by feedback (see Appendix 4) or delayed 
governor action (see Appendix 2). 

The Stability Factor Considered as a Safety Factor. The two previ- 
ous paragraphs were based on the assumption that, knowing all 
the constants of the governor and the feedback® a, s and n can 
be ealeulated and the correct surge-tank area chosen so as to 
cause a prescribed damping. In the past the factor n has been 
long considered as a safety factor to be chosen in order to protect 
the hydraulic system against unforeseen or unthought-of causes 
of disturbance. Is it now possible to dispose of this attitude of 
mind? 

There is still something unsatisfactory in the approach of most 
of the specialists who have dealt with the problem. All authors 
start their theories from the basic assumption that one brisk 
change in the load demand occurs on the electric system, which 
otherwise is stable. Nowhere has the assumption been made of 
a load demand varying periodically and a forced governing law 
of the ty pe 


nQH,* = P sin (2nt/T, + 6 


being forced on the governor (7', being the period of an electric 
load surge). Is there any reason for such a more sophisticated 
approach? 

The study of systems of surge tanks has shown how sensitive 
they are on possible resonance but, on the other; hand, figures 
shown by Sideriades and the author [26, 27]* for systems where 
danger of resonance is not obvious prove that the Thoma areas 
ean be reduced 


Typical of systems sensitive to resonance are those repre- 
*See Appendix 2. 
* See also C. Jaeger, Trans. ASME, vol. 80, 1958, pp. 1574-1584, 
Vig. 8; and Water Power, vol. 9, July, 1957, p. 257, Fig. 5. 
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sented in Fig. 9 where majoration factors on the Thoma area have 
to be introduced, or in Fig. 8 as described by Sideriades where 
the two tanks would have similar periods, and also the system 
where two tanks with stability factors less than one (say, n = 
0.25 to 0.70) and periods of the same order are linked by an elee- 
trical tie. It can be argued that such «a system of two tanks is 
unlikely to be designed and that the two stations would be inter- 
connected to other stations, thereby stabilizing the power output. 
People dealing professionally with water-hammer resonance 
When 
water hammer is concerned, systems have a curious habit of select- 
ing just that upper and unexpected harmonic which will cause 
disaster.” 


problems may wonder if these optimistic views are wise. 


The slower period of surges, as against the short 
period of water hammer, may protect tanks and tank systems 
against surge resonance, but this has not been proved. 

The last possible cause for trouble which should be investigated 
concerns electric surges in transmission lines 

A recent article in La Houille Blanche by Eguiasaroff {11] de- 
scribes scale models of major electrical networks with hydroelec- 
tric power stations. The purpose of this study is to check water- 
hammer effects on the whole system In several cases, the turbine 
runner and the pressure pipeline are materially represented to 
scale and connected to an electrically analogous model of the new 
power system. The model turbine is calculated to represent all 
rotating masses, and the pipeline is distorted in order to bring 
elastic-wave velocities to scale. Similar models of hydropower 
stations with surge tanks connected to networks with very long 
transmission lines could be tested in order to determine if there 


is any danger of unbalance and of surge resonance 


Summary 


Recent works by several authors have confirmed the theoretical 
approach to surge stability as first developed by Thoma. The 
theory has been extended to a number of different types and 
systems of surge tanks. Large surge oscillations have been dealt 
with 

tesearch on stability problems now reaches the second stage 
the validity of the basic assumptions has to be checked against 


test results on existing surge systems \ more critical view of 


these assumptions is taken by several authors and tests have al- 
ready yielded valuable information. 

Based on our present knowledge, some recommendations are 
and further 


given concerning the so-called safe “stability factor 


research is recommended. 


APPENDIX 1 
The Theory of Thoma 
Referring to Fig. 1, the definitions are as foll 
L = length of tunnel 
H = gross head 
head losses in tunnel (Z, 
net head = H — Foy? 


area of cross section of tunnel 


— Fy? 


horizontal area of cross section of surge tank 
instantaneous flow through turbines 
steady flow through turbines 
velocity of instantaneous flow in tunne 
ihe 
Q 
ly 
tank 


velocity of steady flow in tunnel 


vertical velocity of flow in surge dZ/dt 


(positive direction upward 


CC. Jaeger, “Engineering Fluid Mechanics,”’ 1956, pp. 318-323, 
particularly Fig. 188 where the eleventh harmonic was involved. See 
also Civil Engineering, London, February to May, 1948. 
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water level in surge tank above reservoir level 
maximum surge (neglecting friction 
specific weight of water 
turbine efficiency 

The basie equations to be used are 


The dynamic equation (water assumed to be incompressible) 


di 


+ JZ f'y2 (®) 
q dt 


The equation of continuity 


dZ 
vA, — A 


Q vA, — Ayu oh 


To these two equations, the governing equation must be added 
When governing with constant power P 
P ynQH + Z 


¥nQH constant 10 


These three equations yield a differential equation of the second 
order of the type 


d?Z IZ 
Pt WIZ =0 

dt? dt 
Thoma considered only small oscillations 
the steady flow leve | Z - Fi g 
Z For small oscillations (11 


ind referred them to 
taking Z Zo + &, 0rs Z 
becomes a linear equation of 
the second order 

d?s 


dt? 


where a and b are constants. The general integral of this equa- 


2nl 
io sin 1 — p 


1, and w are constants depending on boundary conditions 


J L As ae 
7 2r , is the period of the surge oscillation. 


g AT 


tion can be written 


The values of these coefficients a and b can be calculated 


( Ze Fv? 

meet 

H Z 
Fn 
Be 


where H,, = Ho/Zs and F,, Fv?/Z+ are dimensionless or rela- 
tive values introduced by Calame and Gaden. They have proved 
to be very useful in the general treatment of many surge prob- 
lems 

The discussion of a linear differential equation of the second 
order is a classical problem, which is a special case of the more 
general theory worked out by Routh and Hurwitz for linear dif- 
ferential equations of higher order 

It is known that for a? 
are damped if 


b the oscillations are periodic 


They 


>0 and b 
The first condition a > 0 yields 


vw? LA; 
2q FoP?H, 
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v% VLA; gA, 


The second condition b > 0 is fulfilled if 
Hy > 2F v,? 


which is always true with practica) designs of surge tanks, as the 
opposite case would lead to uneconomic designs 

For a? > »b the oscillations are aperiodic and the condition 
a > Oremains unchanged. 
Th 
be larger than A+, for the surges to b« 


Am, is, then, the Thoma area eurge-tank area A, must 


damped or 


A, = nAm, withn> 1 


n being known as the stability factor 


APPENDIX 2 
Tests at Cordeac by J. Chevalier and M. Hug 


Dimensions of the Cordéac hydraulic system are as follows 


Tunnel length 4 = 
Tunnel diameter = 
Gross head 95 m (311 ft 
Maximum discharge 81 m*/sec (2860 cfs 
Number of pipelines 2 

Pipeline length 153 m (502 ft) 
Surge-tank area 176 m? (1890 ft?) 
Thoma area 136 m? (1460 ft?) 
Stability factor = 1.29 


4600 m (15.050 ft) 
5.8 m (19.0 ft 


During the tests, the Cordéac Power Station was not discon- 
nected from the electrical system, but the power output was main- 
tained constant (nQH, hand regulation. The 
damping factor of the surge waves was recorded. The way the 


tests were carried out makes it clear that variations of efficiency 


constant) by 


ind all pipeline losses were implicitly included in the test results 


For the analysis of the test results, the authors introduce a 


more general condition than the constant-power condition 


QH,* 


= constant 


“ here H ” 


The Thoma analysis is based on the 


variable net head 
assumption that a l. 
Where the governor is locked and the discharge passes through 


gates at constant opening, a —0.5 


f= Rte & 
q 


including veloc: 


ind the net head is 


- a") - AQ? 
~] 


vy heads and pipeline losses 


As + a( " - =) — 2A\QAQ 
=] - 


As — 2A QAQ 


AH, 


If z measures the governor stroke, then 


As + AAzg 0 (where A constant 


Az Q AH 


A 
° k 24a 


a 


where 1/k is the tangent to the curve of x against Q (z is a func- 
tion of Q) 
It ean be shown that 
H,/Q — Ak/2 
Ak + 20'Q 
173 
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The classical analysis of Thoma can be translated in relative 


values [5]. The linearized equation becomes 


dts ds 
+ Ya + bs = O 
dt? dt 


l 
—7 ( — 2F, ) in relative values 
H, 


Repeating this analysis for a + 1, it can be shown that now 


aZs Fv? 
a uni —2 . 
Hy Zs 
E a 
a wl 2F,.0- 
H,. 


which correlates @ and a 


Hence! 


For a < 1, ais larger than for a = 1, and stability is improved. 
One of the most interesting points of the two authors’ analysis 


concerns the delay between the surges, 


2rt 
T 


Ve-* sin 
governor reaction 
+ ) v7) > 0 


t can be shown that this delay @ causes a reduction of a to 
da) where 5 


2OVo 
Ay 


his analysis was proved to be right by the Cordéac tests as 
shown in Fig. 6, where it can be seen that the theoretical curve 
tained for @ = 0 is displaced by da and stability conditions im- 
proved when @ > 0 

lhe limit value of AQ to which the governor reacted was 11 


sec 


APPENDIX 3” 
Surge Tank at La Rhue (Bort-les-Orgues) 


Water from the La Rhue river is diverted to the large reservoir 


if the Bort-les-Orgues dam, passing first through a Kaplan tur- 
bine located at the toe of the dam and working under high back 
Details are: 


pressure 


Stat 


head 
Maximum 85.0 m (279 ft 

Minimum 22.5 m (73.6 ft 
Maximum discharge 40 m?/see (1410 efs 
Pressure losses in tunnel 14.3 m (40.4 it 
Purbine output 

at H, = 36.35 m. 16,000 m.hp (15,500 hp 
at H 70.0 m 32,000 m.hp (31,000 hp) 
Length of pressure tunnel L=12,350 m (40,500 ft 
Area of pressure tunnel Ar=15.9 m? (170.5 ft?) 
\rea of surge tank A,=31.0 m? (333.0 ft?) 


Chevalier and Hug, La Houille 
891-892. 


'? According to a letter from Mr. M. Hug, Electricité de France, 
dated 20th March, 1959. 
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Stability factor 
for H, = 36.35" m 
for H, = 70.0'*m 


n=().25 
n=().48 


Remarks. In the case of 
large positive surges, water spilling over a spillway is discharged 
directly into the reservoir. 


are limited in extent 


The turbine gates open very slowly 
Hence up-surges and down-surges 


The main object is the diversion of the Rhue water into the 
reservoir. Generation of electricity is of secondary importance 
and surge stability is not a primary requirement. In addition, 
La L.hue surge tank is part of a large generating system which 


makes power surges acceptable.” 


Surge Tank at Jouques on the Lower Durance 

One pressure tunnel feeds three Kaplan turbines, each having 
its own penstock and surge tank. The general surge-tank ar- 
rangement is similar to the surge tank at La Rhue, but the three 
tanks are interconnected. Details are: 


Length of pressure tun- 

nel 2000 m (6560 ft 
Area of pressure tunnel. 78 m? (837 ft? 
Area of surge tank 50 m? (each) 
Total pressure losses in 

system when Q = 250 

m/sec 4.5m (14.7 ft 
Net head H, = 27.5m 
Turbine output 

for H, = 28.4m 28,600 P.S. (27,800 hp 
Thoma area Atm = 666 m? 7100 ft 
Stability factor n = 0.077 
Stability factor for inter- 

connected tanks r= 


536 {t? 


00.0 ft 


0.23 
Remarks. ‘There are no indications as to how this power station 
will be run. The large station of Serre-Pongon is under construc- 
tion on the Upper Durance not far away, and Jouques will be 


interconnected to the same system. 


APPENDIX 4 
Tests at Oelberg by Cuénod and Gardel 


Details of the Oelberg Power Station of the Entreprises Elec- 


triques, Fribourgeoises, are as follows: 
Rated turbine capacity... Po 7500 m.hp (7300 hp) 
Maximum discharge Q 32 m*/see (1130 cfs) 
Maximum head H 20.8 m (68.0 ft) 
Length of pressure tunnel L 270 m (884 ft 
Area of pressure tunnel. \7 18.3 m? (196.5 ft? 
Length of penstock L’ 17 m (154 ft 
Area of penstock 1 10.2 m? (109.5 ft? 
Turbine speed 250 rpm 
Total flywheel effect PD 170 t.m? (WR? = 
1,000,000 Ib ft? 
Differential surge tank 
Area of reservoir... A, 300 m? 
Area ol riser.. ‘ . = 7 m? 
10 m 


3220 ft? 
75.1 ft?) 
$29 {t? 
Tests were made on a water resistance (P. 2000 kw) using 
only the surge-tank riser, the ports to the main-surge-tank reser- 
voir being closed to give a narrow cylindrical tank which was 
bound to be widely unstable. 

A first feedback was introduced by connecting a float located 
in the surge tank to a potentiometer controlling the generator 
exciter voltage. Cuénod and Garde] had previously proved that 
such a feedback has a powerful stabilizing effect on surges. In 

13119 ft. 

14 229 ft. 

18 See discussion of the Cordéac paper in La Houille Blanche, vol 
13, August /September, 1958. 
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the particular case of Oelberg, this effect was not sufficient. A 
second feedback system was introduced by frequency line-voltage 
regulation, as shown in Fig. 7, to achieve stability 

During a discussion of the Cordéac tests at the Société Hydro- 
technique de France |6| the method used by Cuénod and Gardel 
at Oelberg was mentioned. Tests by Chevalier and Hug, with 


feedback 


Cuénod and Cardel 


| 


from the surge-tank level confirm the findings by 


It is well known [25] that unstable surge 
oscillations are caused only by conditions equal to or similar to 
those defined by Thoma 


(constant power output P constant 


If there is no governor and the turbine works with constant gate 


opening, there is no surge instability If the governor action 
is damped by a feedback, better stability is obviously to be ex- 
pected and it is not unusual for feedback conditions—not main- 
taining constant power output, and tending to reduce the surges 

to cause the surges to be quickly stabilized 

The difficulties encountered at Oelberg during the tests are due 
to the exceptionally short period 7' of the surge oscillations (with 
1 7 m? only)" which, in addition, coincides with the proper 
period of the speed governing For conditions less stringent than 


Oclberg the stabilization system is bound to work 
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DISCUSSION 
M. Hug" 


Following the public ation quoted Db Dy Jaeger we have 


with Mr. B 


model of a hydropl ant 


indertaken Favez, the frequency analysis of the 


The model consists of a differential analyzer representing the 
transfer functions of hydraulic characteristics of the system to- 
gether with those of the governor (gate opening and voltage 
the generator and network are represented by a system of small 
scale generators and loads specially designed for that purpose, 
suitably interconnected with the differential analy zer. 

* Service des Laboratoires et Essais Hydrauliques, Electricité de 
France, Chatou, France. 


* Reference [6] of the paper. 
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dead . band 


Fig. 12 Influence of the dead-band; load reject of 1.6 per cent 


rhe results of this work have been published in French.” In 
particular, the influence of a short delay, quoted from the Cordéac 
tests by Dr. Jaeger on page 767) led us to study the influence of 
the governor dead-band, since we were able to represent such a 
nonlinear element in our differential analyzer. The following il- 

trations give the frequency, surge tank water level, and gate 
opening oscillations following the same load reject of 1.6 per cent 
in two cases where the dead-band is, respectively, 0.22 and 0.11 
per cent. In the second case operation is definitely unstable (the 
irge tank cross section is half that of Thoma) where as in the 
first case oscillations decrease rapidly. Even though the dead- 
band values chosen here are rather large, they still may be met in 
some cases and show the important stabilizing effect of the dead- 
band 


0.22 per cent dead-band is that, after the gate has stopped mov- 
ng, the frequency and surge tank level records still show slight 
oscillations 


The drawback of such an operation as illustrated by the 


Practically acceptable values of frequency oscilla 
tions are difficult to quote and depend on the type of consumers 
ind probable duration each year of such operation where the 
plant is disconnected from the general network. 


A. W. Marris”! 


Dr. Jaeger is to be complimented on this exhaustive and 
vuthoritative survey. 
‘The general equation for the simple surge tank operating under 


the condition of constant hydraulic power acceptance by the 


turbine, is 
} ) dw 
: + (] 
X dt 


Hug, “‘A Contribution to the Study of the 
Speed Governing System for a Surge Tank Equipped Hydro Electric 
Plant,”’ 5¢mes Journées d’ Hydraulique de la Société Hydrotechnique 
le France, June, 1958 


2Y yw 


B. Favez and M 


Assistant Professor, Department of Civil Engineering, University 
f British Columbia, Vancouver, B. C., Canada. At present, Visit- 
ng Professor, The University of Texas, Austin, Texas. Mem. ASME. 
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X 
+ (2 — Y)w? + w* + y 


dw 
2 ( ) =@ (12) 
dt 


where X and Y, the co-ordinate axes of Fig. 3, are, respectively, 
the author’s quantities F?/Z+ and F'?/Ho, and w Z/Ho and 


gA 
(747) t’ where t’ is 


It is emphasized that the author’s equations (4) and (5) refer to 


t is a dimensionless time defined by t = 


time. 


the stability of oscillations given by equation (12) only for the 
particular cases of instantaneous full load acceptance from an 
initial zero-flow condition. Further, the equations are derived 
on the assumption that the initial demand of the turbine is met 
entirely by water from the surge tank. Equation (4 
by setting the initial point w = Y, uo Y/X 


. ( 2X? — Y ) 
ee, 


With other initial conditions, such as would arise in the case of 
changing from one load to another, a different point would have 
to be set on the circle and a new stability criterion would result. 
As the author points out, the method fails if p becomes imagi- 
nary due to 2X? exceeding 3Y. 
It fails also for large load changes. 


is obtained 
on the circle 


The circle must always be 
considered as a small circle surrounding the node at the origin 
(w = 0,u = 0). The method of Kryloff and Bogoliuboff as ap- 
plied by Evangelisti [14] to determine the circle, represents a 
method of determining a first approximation to the effect of the 
nonlinear terms of equation (12). It applies specifically to equa- 
tions of the form 


d*w ; du 
+ nw + mF | w, 0 
dw* dt 


where m is small [33]. 

When Y = !/2, representing the case of static instability due to 
inordinately high conduit friction, the unstable saddle point 
singularity given by 


4 Y 4 f 
+ +. 1+ — , author’s equation (3), 
2 2 } 


(14 
coalesces with the singularity at the origin. For Y < '/, the 


phase plane topology comprises the node at the origin, small 


motions about which are oscillatory 


stable 


and may be stable or un- 
and next to it the unstable saddle point at (w = a, u = 0) 
It may be shown from general energy considerations [33] that such 
a configuration requires the existence of a separatrix, a critical 
boundary in the phase plane separating the motions of different 
types centered on the singularities. Paynter has pointed out [31 |”? 
that the separatrix governs the drainage criteria. Provided the 
trajectory remains on an “‘island’’ centered at the origin and does 
not touch the separatrix, the motion will be stable; but if the 
trajectory becomes tangent to separatrix the representative point 


Established 


crossing the sepa- 


will slide down it and critical drainage will result 
drainage will result from all the trajectories 
ratrix. 

The phase plane trajectories in the immediate neighborhood of 
a saddle point are hyperbolas. The separatrix emanates from an 
asymptote of the saddle point [33]. For critical drainage, in 
which the trajectory coincides with the separatrix, the surge tank 
water level passes through the point w a with zero velocity. 
In the case of established drainage the velocity of the water level 
is minimum but not zero at w = a. Then the phase plane saddle 


° 


22 See discussion by H. M. Paynter. 
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point (w = a, u = 0) is approached and missed. This effect was 
qualitatively observed with the writer’s plexiglas model [31 }. 
Physically, drainage results from the water in the conduit from 
the reservoir being unable to accelerate fast enough to meet the 
turbine demand. This acceleration is prohibited by the inertia of 
the water in the conduit Drainage will occur at low friction, 
and, as shown by Paynter [31], such drainage is sensibly inde- 
pendent of the pipe friction. He asserts that critical drainage 
under these circumstances corresponds to a condition in which 
flow to tank water 
momentarily parallel to the curve between demand flow and surge 


tank water level. 


the curve relating conduit surge level is 
On the basis that the velocity of the surge tank 
water level is momentarily zero, this is in effect a statement that 
the acceleration of the water in the conduit just matches the ac- 


celeration of the demand flow Paynter derives the result 


X 2.60 } 


(15 


for the critical drainage line, which agrees admirably with both 
his analog computer data 


writer [31]. 


[34] and the experimental work of the 


The saddle point singularity (u a, u 0) only exists be- 


cause of the existence of the loss curve. It is eminently de- 


pendent on the pipe friction loss. Drainage at low friction has 
been shown to be independent of pipe friction. How then can 
one assert that the singularity 


saddle 


is responsible for the drainage? 


Only because without the point (w = a, u = 0) the sepa- 
ratrix would not exist 

What has been established is that, while the separatrix must 
pass through the saddle point (u a, u 0), its shape in the 
vicinity of the origin is only slightly influenced by the saddle point 
at low friction. This is borne out by the fact that |@ 


i.e., the singularities get farther apart, as Y becomes small. 


increases 


The separatrix and indeed all the other phase plane trajectories 
would of course be determined 


1) could be obtained 


f the general energy integral of 
equation rhe separatrix is the particular 


This 


would seem to be the best approach for those employing com- 


energy integral passing through the point (w a, u 0 


puters 

he writer experiment al issimilated a condition of constant 
hydraulic power input to the turbine by use of a specially shaped 
a slider with which the 


It was 


plunger valve connected by a lever to 


surge tank water level could be followed manually [31 


very apparent that stability in re spect to both oscillatory motion 


ind drainage was markedly increased by having the slider lag 
behind the water level. On instability 


the other hand was In 


This 


results of Chevalier and Hug reterred 


creased if the slider was moved ahead of the water level 
would seem to endorse the 


to by the author 


1. W. McCaig?* 


Dr Jaeger’s review of surge t unk stability criteria 1s very usetul 
in tying together the work of numerous workers in this field of 
His account of the tests at Cordéac by Messrs 


research Cheval- 


they indicat 
tatively the effect which governor lag has on surge tank stability 


d model of the Bersimis No. 2 


ier and Hug are of particular interest, as quanti- 
In the electronically controll 
surge tank, which Dr. Jaeger referred to,** the model outlet gat 


control mechanism was designed to react immediately to any 
change of pressure sensed by a transducer attached to the model 
conduit. During the initial tests, however, it was found that 
with the pressure transducer installed at the end of the model 
penstock, immediate reaction of the outlet gate made stable opera- 
tion impossible. The model could only be made stable by install- 

23 Hydraulic Engineer, H. G 
Falls, Canada. 

*4 Reference [32] in the paper. 


Acres & Company Limited, Niagara 
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ing a capillary tube between the penstock and the pressure trans- 
ducer. This capillary tube caused a delay corresponding to the 
action of the dashpot in the prototype governor. A comparison 
of simultaneous records of penstock pressure and control gate 
movement showed this delay corresponded to approximately six 
seconds in the prototype 

To find the effect of placing the capillary tube between the 
conduit and the pressure transducer, the pressure transducer was 
moved from its position at the downstream end of the model 
penstock to a position in the surge tank riser immediately below 
the base of the surge tank. With the pressure transducer in this 
position, tests could be made with and without the capillary tube 
inserted in front of the pressure transducer. These tests showed 
that the surge tank diameter required to give positive damping 
after a load increase was reduced 22 per cent, from 96 to 75 ft by 
the action of the capillary tube 
for the Bersimis No. 2 de- 
velopment, is entered in the last equation of Appendix 2 in this 


If the delay time of six seconds 


paper, S, will equal 0.086 for the condition of zero damping (S, 
equal to S, If, to find the minimum stable diameter with a six- 


second delay between the surge cycle and gate movement, the 


quantity a 


Zs Fv,? 
ul ( Fore ) of Appendix 2 is equated to 
H, Zs 


0.086 instead of zero, it will be found that the stable diameter 
is reduced by 8.4 per cent. The reduction which theory would 
allow is, therefore, for this case, less than that found by experi- 


ment 


H. Netsch® 


The author has presented in concise form his recent accomplish- 
ments in the development of surge tank designs for hydroelectric 
stauions 

The differential equation which is characteristic for the water 
oscillations in surge tanks of hydroelectric stations is composed 
of the simultaneous dynamic equation, the condition of con- 
tinuity, and the equation, characteristic for the power supplied 
to the turbine. This differential equation is nonlinear of the 
second order, because of the head-losses in the pressure tunnel 
The 


actual system, idealized to a linear one performs a damped motion 


These losses are proportional to the square of the velocity 


only This criterion yields a 
The 


in this required area will decrease the time-varying amplitude of 


if the damping constant is 2 0 


characteristic area, known as the ‘““Thoma’”’ value increase 


the motion, and, simultaneously, the frequency of the oscillations 


is smaller than the natural one. This transient condition will be 


different, whether the turbine efficiency increases or decreases 


decrease in efficiency tends toward the 


The 


a further reduction of the 


during regulation A 


more unfavorable situation. influence of the head-loss ele- 


ment will result in oscillations in the 
surge tank. But this can only be guessed at or, with experience, be 
estimated 

To Dr 


taneous differential equations for water oscillations in surge tank 


Jaeger, the credit is due for having solved the simul- 


systems of hydroelectric stations. As a result, the smallest 
necessary value of the area for each surge tank can be computed 
this also for stations which have a surge tank in front and behind 
each turbine, an arrangement frequently necessary in under- 
ground power stations 

Under certain conditions, it is also possible to find a solutior 
of the nonlinear differential equation for the water surface motion 


tank 


supply Q to the turbine changes instantaneously and then remains 


in a surge For this purpose, we assume, that the water 


constant This implies, that the new value of Q does not depend 
on water oscillations in the tank, thus z<_ H. The efficiency of 

*% Professor of Applied Mathematics, Hydro- and Gasdynamics 
University of Kansas City, Kansas City, Mo. 
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the turbine can change or remain constant, since only the flow is 
regulated and not the turbine output. 
cylindrical in shape. 


The surge tank must be 
The solution can be given graphically by 
applying the isokline method. We have stable oscillations only, 
if the dz/dt — z curve spirals toward its singularity, the steady- 
state point. The degree of damping is determined by the slope 
of this spiral. 

As to this nonlinear differential equation of the surge tank os- 
cillations, the following basic statements can be made; the fre- 
quency (or spectrum of frequencies) depends on the initial condi- 
tion of the change in water flow; this is also true of periodical 
oscillations of the water requirement. . 

The oscillations in a surge tank can be followed with graphical 
methods; their advantage is this, that the influence of the shape 
of the surge tank on the oscillations can be investigated. 

lhe best and most suitable method for investigating a surge 
tank or a surge tank system of a power station is the recourse to 


model tests. 


The calculated surge tanks and their improved 
form, based on graphical investigations are to be used as a guide 
value for initial planning and station layout. 


agreed upon is the result of these model tests. 


The final layout 
The load fluctua- 
tions can be imitated closely and all possibilities should be con- 
sidered; this besides the severe condition of separation of the 
station from the grid. 
stated. 


The influence of other stations can be 


The final layout agreed upon is to be investigated with the 

ume, preferably improved, mathematical tools. 

\ very close co-operation between large electricity companies 
in the development of surge tanks is necessary and the publica- 
tion of model tests and actual oscillations is suggested these 
should also include data of failures as a result of undersized tanks 
or detailed description of oversized layouts 

From my own experience W ith a large Hydro-Electric Authority 
ibroad, a station design is only possible in close co-operation with 
the turbine manufacturer, so that data, concerning the machines 
the shape of their efficiency curves, and cavitation behavior, are 
known. Despite the fact that, speaking from the viewpoint. of 
hydraulics, waterhammer and surge-tank oscillations are treated 
separately, the layout of surge tanks must be undertaken with the 
characteristics of the turbine governor kept in mind 


H. M. Paynter’ 


Dr. Jaeger has here continued his superb tradition of periodic 


review of the state of the art in surge-tank analysis and design 
Chis paper is again distinguished by its accuracy and complete 
ness 

Che writer would like to use this opportunity to point out that 

tensive researches at M.I.T. in this field from 1947 to 1952 cul- 
minated in the preparation of the writer’s masters and doctoral 
theses [42, 43],” but, perhaps unfortunately, were not published 
extensively [44,-45, 46]. The best testimonials to 
the importance of some of these results may be inferred from Fig 


sufficiently 


of the closing discussion of the recent paper of Professor Marris 
17 |, together with the statement that 


studied in 1952 the forced oscillation problem in systems of surge 


; 


the writer had already 


inks, ander interconnected power system operation, using analog 
und digital computers, followed up by field experimentation and 
confirmation of results. 


Some hope now may be held out for ultimate publication of 
these findings, with the reinauguration of power system studies 


‘ 


ut M.L-T., both in the Civil Engineering and in the Mechanical 


kngineering Departments. This Mechanical Engineering De- 


Associate Professor of 


\Mlechanical Engineering, Massachusetts 
\lass Mem. ASME 

Numbers from 42 to 47 in brackets designate References at the 
end of this discussion 


Institute of Technology, Cambridge 
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partment program, under the writer’s supervision, commenced in 
1959 and is sponsored by the Woodward Governor Company 
The new studies are directed toward a complete investigation of 
the system governing problem, including transient regulation 
supervisory control, and operational dispatching. Interim re- 
ports and other results will be published as rapidly as possible 
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“Large Displacements 


Lefteri Sideriades** 
1 Writing of Fundamental Equations 
While the equations expressing continuit it the hydraulic 


junction (intake tunnel + pressure pipe + surge tank) and the 


law of preservation of kinetic energy applied to the mass of water 
in the intake tunnel present no difficulty, the cannot be said 


for the 


Sarne 


constant-output governing equation In our article 
( om ple 5 Re ndus, Académi« des Sciences vol. 245 pp ISS4 S87 
effective power at wv hich the 


operating as the product at time ¢ of the flow Q by the 
h actual head (Z, + Z) 4 


Z difference in level between elevation of turbine 


we suggest defining an system Is 


head h 
loss head P)’W? 


and that 


of water mass In reservon 


Che loss head represents additional energy localized in th 


pressure pipe. 


2 Stability Factor 


The nonlinear terms of the differential equation should not in 


terfere with the definition of “stability factor 


This definition 


has meaning only if we stay near the singul 


ir point of the dif 


ferential equation, where the stability conditions, by Lia- 


punoff’s theorem, are the same as those of the linearized system 


Happily, the singular point of the oscillations ma) be isolated 


the other points being in general very remote The language 


of topology (cf. Minorsky) is best suited to handling this situa 


tion 


The linear equation 


is equivalent to the svstem 


dx dy 


i 2Zay + ba 


The integral curves in the phase plane z, y have a singular point 


the nature of which characterizes the oscillations. The quality 
of stability sought requires that this point be a focus of attraction 
Hence a two-fold condition: 

Attraction (first Routh-Hurwitz criterion). Expressed by a > 0 
or (using the notation of Appendix | 
Officer 


Center of Scientific Research 


National Ministry of 1} 
Marseilles, France 


National 
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Z* 2F 1 ; 
—- 2HwF «> 16 
H Z* 


This is the classical Thoma criterion. It serves to define a 
theoretical area Fi» for which, independently of operating condi- 
tions (governing, in particular), oscillations of water level would 
be self-sustained with constant amplitude. Topologically, the 
singular point would then be a center 

Focal character (again, second Routh-Hurwitz criterion Ex- 


pressed by a? < b, or in the other notation 


Z* =. 2Fn2\? 2F oe? 
(EB - MeY <a(r- 2) 1 aw, 
H Zz ) H, 


rhe relations connecting the two notations, by the 


It seems natural to us to define the 
the value of the decrement 


dan ping of the oscillations 


The logarithmic decrement, ther 


(2F x H 
JT j 
V 4H," l 
2Ta ) 
Vv b a’/ 


Thoma irea 


Now FH 


In the n 


whose parame ter Is nom 


6 plane this relation represents a pencil ot cu 
other than 2F é (cf. Fig. 13 


Mhis pencil of curves shows that the damping is greater: 


A 





Nes Nee 
n 


Fig. 13 
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The greater n is for given € (meaning for given F and H 
There is a critical value of n for which the damping is infinite 
“eritical 


rhis is what is commonly referred to in electricity as 


It is to be noted that in this case, oscillations cease 
When € is small 
(H,/2F) 2 


other values being fixed 


damping 
to be possible ; the singular point is a node 


which is, practically, the general case), n 
The greater € is for given n. The 
the damping is greater, the greater the loss;of head F or the 
smaller the net head H 
lhe “‘stability factor’’ may 


How- 


ever, this definition seems to us to be ultimately improper, be- 


sccording|y be defined by n 


cause it does not express the liability of the system to stability or 


instability In actuality, there are other factors which are dis- 


regarded in the present theory (constriction at foot of surge tank 
and its consequences, pressure pipe, etc.) and which, if taken into 
account, would determine a practical area F,, larger or smaller 


than the Thoma area according to the case. To be valid, the 
idea of stability factor reflected by the decrement ought to be de- 
fined in relation to that unknown practical value. This presents 
obstacles to a simple definition 
On the other hand, it is to be 


observed that this area F, is 


close to the theoretical area Fy, even in the case of interconnected 


surge tanks, as will be shown below So we propose to define 


stability factor by the amplitude of the logarithmic decrement 
Such a definition of course implies theoretical stability for 6 > 0 
but has the further advantage of raising some doubt about very 
small values (positive as well as negative) of 6, which correspond 


likewise to very small values of « 


3 Stability Factor in General Case of Coupled Systems 
(a) Parallel Case. 
This is the most general case where the systems are on the same 
side, upstream of the turbines 
* In our article, La Houille Aug 
in the case of two surge tanks on the hypothesis of maxi- 
mum stability (@ o +¢ 


for the 


Blanche, vol. 13, no. 4 Sept 
1058 
we gave the following relationship 
irea V il 


adopted (our notation 


Dram) ~ DG) 


If the two component systems are identi al, it comes to exactly 


ies to he 


minimum 


the same thing to imagine that we have a single system with 


surge tank divided into two like areas, observing all continuities 
namely 
ame > 2 


flow ©@ ou fw 


Same quantity 


ol motion ou 


S 
same areas @ wD. ele 


It is easily shown that these hypotheses involve preservation of 
the flow velocity 

More generally, then, we can disconnect a given system into n 
identical partial systems, completely or incompletely, and the dis- 
connection may be confined to the surge tanks But, if all areas 
are thus divided by n, is there still preservation of stability? Or, 
in more practical terms, to what extent can the surge tank areas 
be diminished without changing the stability? 

It is possible to answer this question in the case of two surg 
tanks. If, in the relationship (18 
cal systems, we get the following result: Calling F. the area of the 
4 for the area 

The rule of 


, we disconnect into two identi 


equival nt single system, we can take the value F 
of each surge tank without changing the stability 
disconnection has the form 1/n? in the case of two surge tanks 

If this holds good for the Jouques example (which is uncertain 
pending general analysis of the case of three surge tanks), where 
the area of a single surge tank should be 656 m?, the area could 
be diminished to only 


73 m?*, or even 61 m? (using the effective 
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output governing equation). So the excessively small stability 
factor 0.077 would be raised to 0.82, or still in the neighborhood 
This would seem to be an acceptable result. But we 
must have some hesitation about extending the 1/n? rule to n > 2, 
A more plausible rule 
This problem calls for close 


of unity. 


as it seems unlikely to hold for very large n. 
would be of the form 1/n(n)¥@"~». 
study and analysis. 

Now let us consider the Valabres example. Taken singly, the 


homa areas are (again in terms of our governing equation): 


PF 5.43 m? F, 0.79 m? (ef. Fig. 14) 


region of 
stability 





Fig. 14 


Chere is a corresponding point A in the /;, F.-plane that en- 
But 
diminished by taking account of the coupling at the hydraulic 


ires stability of the system. these areas can be further 
junction formed by the pressure pipes and of the relationship 
(di, de, &) 


independent operation of two partial systems 


0, which is not involved—for good reason—in the 
By 
lustration, let us examine the following two hypotheses: 

a) @ QD + QD: 


there is no loss of head at the branching of the pressure pipes. 


way of il- 


(ideal case This is the hypothesis where 
lhe available areas are distributed along a straight line intersect- 
2.26 and F,’ We can 
take the mid-point B of the segment so determined: F;,,’ 1.13, 
I 0.76 m?. This lies within the region of stability bounded by 


ing the axes at the points F,’ 1.52 m?*. 


the equilateral hyperbola of the third Routh-Hurwitz condition 
Note that, in the general case, we should find: 

1+ fb 

l4 


fol : 
. . I and 
D)Z02/ GZ ) 
(1 + fela/file 


1 + Zo 9 DZ, 


If @ is the larger of the two areas 
The 
possible areas are distributed along a straight line intersecting the 
the points fF,” 2.82, F,” 1.12 m.? 
choose F,,.” 1.41 and F 0.56 m? if we take the mid-point, 
or I 1.74 and F;,” 
intersection with the hyperbola. 


real case 


b) @ Q, or d 
there is a Joss of head at the branch, but the loss is minimal. 


axes at Thus we can 


0.43 m? if we take one of the points of 
Conclusions. (1) When surge tanks are arranged in parallel, the 
areas to be adopted are generally smaller than the Thoma areas. 
Che coefficient of diminution is determined by the coupling, that 
is to say by the values @, @, @2, which do not become involved in 
independent operation. We cannot say, in the general case, that 
the areas to be adopted are half the Thoma areas, though sta- 
bility is approximately realized. But if the disconnection is into 
two identical systems, then the area of each surge tank may be 
made equal to F,/4. This follows from the relationship (18), 
1 Lf F. 

1gPo'Z, 4 


which is then written: F 
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(2) Analogy with coupled electrical systems. In general, 
when losses of head are minimal (¢@ = 2@,), we can take F,’/2 < 
F,, and F,'/2 < Fx. 
the areas adopted is within the rectangle determined by the 
Thoma areas. 


In other words, the point B representing 


This result can be illustrated in another way so as 
to set up an analogy with electrical systems. If the F,-axis is 
rotated forward by +7/2, we get the arrangement a"b”" ba (cf. Fig. 
15): The coupling brings the critical areas together 
well known that coupling takes the natural frequencies apart 


\ 


Now it is 




















Fig. 15 


This result was predictable because, if we make an analogy be- 
tween the two types of systems (in the differential equations 
we find that the square of the frequency w varies as 
» 2F,. and 


these in- 


themselves), 
1/F. This is not so when, by way of exception, F,’ 
FF,’ > 2F.,. Letting a file/feln, B 0:Z2/d2Za, 
equalities are equivalent to: 


l+a 
B81 + a@ 


They cannot both be true at the same time, and the prohibited 


regions in the a, 8-plane are indicated by (1) and (2) in Fig. 16. 


BLy 











Fig. 16 


In conclusion, we may say that, in the case of parallel coupling of 
surge tanks, stability is preserved when at least one of the Thoma 


areas is reduced. 


(b) Series Case. 

Here is another case where the surge tanks are located on either 
side of the turbines. It also represents a special case of the 
parallel system in the sense that the branching of the pressure 
pipes is eliminated. 

We go from the results we have obtained for parallel coupling 
to the case of series coupling by the following table of cor- 
respondences: 

Unchanged Changed Peculiarities 
sign si“n 
fi, Fi, Fe, La, So, La, Po 


Pa’. Bis, See me 
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x (hyperbole 


Fig. 17 Example of plant at Kiewa, Australia. Determination of region 
of stability in 1/F,, 1/F.-plane by application of the six Routh-Hurwitz 
conditions. cy», a; not restrictive. 


We have 


Kiewa 


made a complete stud by way of example, of the 
plant in 


parameters 


1.645 m 
26.477 m 
1.65 m 
15.4 m 


15.80 m 


or 169.5 ft 


The stability regions are ocked p step-by 


1 
the Routh-Hurwitz conditior s direct functions of the several 


parameters. Only the sixth condition a,» > Ois restrictive, and it 
transformation of the F,', / 
Salint Frueh's 


(om the 


appears as shown in I ig 


plane is shown in Fig. 18 Flower, and 


curve has also been draw1 comparison of results 


whole, the stabilitv regions ar milar. Butour calculations show 
a clear division of the stabilit ion into two species, conditiona 


and unconditional s familiar in electronic systems 


of servomechanisms conditions are analyzed by 


Ni quist’s ecriterior 


General Conclusion 


It appears in this second st that the areas to be adopted are 


greater than the Thoma areas. If we idealize matters so as to get 
them into a simple form, we submit the following result 
In all cases, we can define the 
These 
1 in the F; ‘ F If two straight lines parallel to the 
axes are drawn through this point, the straight lines may be 


Thoma areas of the independent 


partial systems areas determine the co-ordinates of a 


point plane 


thought of as the asymptotes of a curve of high degree (as repre- 


senting the juxtaposition of the stability 


curves for the six 


touth-Hurwitz conditions The idealization consists in ap 
proximating this curve with a simpler one of hyperbolic form (cf 
Fig. 19; e.g., mean values The result is then as follows: 

In the case of parallel coupling, the areas to be adopted lie in 
region (1) 

In the case of series coupling, the areas to be adopted lie in 
region (2). 


Remark. It would be 


rash to decide on the basis of the first 
condition a, > 0 alone, despite its advantage of simplicity For 


a better estimate, one should at least take in the fifth condition 
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ate p weording to 


Fig. 18 Example of plant at Kiewa, Australia 


Curve (1): Approximate calculation (Balint, Flower, and Frueh) 
Curve (2): Approximate calculation (Sideriades) 





Fig. 19 


a; > 0, which in our method represents an ¢ llipse, a curve whose 


geometrical properties art sufficiently familiar 


Remark on an Objection to the Writing of the Equation for the Pressure 
Pipe Junction 


In our general preliminary analysis, we take account of the 
losses due to the change in velocity u as well as to the difference in 


fand B 


this loss of 


the forces Upon the hypothesis (practical value) where 
head is minimal, the pipe 


localized at the hydraulic junction, and hence independent of the 


branch conditions are 
operating conditions upstream and downstream of that point 
lhese latter conditions affect the presence of outside forees A, B, 
which cancel when we confine attention to the loss of head (a 
differential quantity and hence not absolute but relative) due to 
the function 

The only objection amounting to a valid restriction is that 
the relationship uX(@,u,; =(¢,u;*) adopted assumes that the 
change in quantity of motion is nil, or that A B. This is a 
condition imposed by the construction of the lines, which implies 
dr /du 0 where 7 is the total loss of head due to mixing. A 
and B certainly depend on (h + Z)'/* individually. But the 
quasi-differential situation at the junction cannot reflect this, 
especially since A is closer to B, the shorter the mixing distance, 
and the lines are so constructed that it shall be short 
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R. A. Sutherland?° 


The author in this presentation has added yet another to the 
valuable list of contributions which he has made on the subject 
of surge tanks. The Thoma condition for stability has main- 
tained its position as the basis of later analyses, which have in 
effect resulted in the development of multiplying factors to be 
applied to the Thoma area. Thus in Fig. 3, in which presumably 
/ represents F Vo?/H, and x presumably represents FV,?/Z*, if we 
take a value U.1 for FVo?/H 
‘eeded, the multiplying factors to be applied to the Thoma area 


which would not generally be ex- 


sppear to vary to a maximum of about (0.25/0.223)? 26 
t for y 0.1 


In view of the relative infrequency of the average engineer's 


curve 


ontact with surge-tank problems, 
that the 


manner 


it is interesting to point out 
rhoma condition can be derived in a very elementary 
It has been shown that a requirement for stability is 
that the energy stored in the supply system must vary in the op 
posite direction to variation in the power developed. Assume 
that a small change in load takes place from the steady load con- 
dition shown in Fig. 1. For the sake of example assume a small 
increase of load, which will increase the tunnel velocity from V 


to Vo + AV and will at the same time drop the water level in the 
surge tank by a small amount Az which is given by AZ F(V 

AV? — V.?) = 2FV,AV discarding (AV)? since AV is small 
he loss in potential energy due to the drop of water level in the 
surge tank is A,AZyH 2A,FV,AVyH>. To insure that the 
energy in the supply system decreases with the small increase of 
load considered, this loss of potential energy must exceed the 


gain in kinetic energy in the tunnel, which gain is represented by: 
LAryVoAV 


q 


Vo2) 


[again discarding (AV 
Hence 


Vo? LAr 
2A.FV AVYH, > LAryV,AV -. A> — + ty 
o . 2q Fy 2H 


Professor Evangelisti has given a more elegant mathematical 


derivation on p. 195 of the cited work 

If in this elementary discussion we add the increase in kinetic 
energy in the penstock to that in the tunnel, it readily appears 
that a multiplying factor to be applied to the Thoma area to take 


vccount of the penstock condition is 1 4 where / and A, are 


es 
length and area, respectively, of the penstock, assumed to be of 
constant area This factor is always greater than unity and could 
be considerably greater 

The effect of 


turbine efficiency the 


1uthor, but has been discussed more extensively. by others.*! It 


has been touched on by 


is readily apparent that an increase of efficiency with power will 
have a stabilizing influence, while a drooping efficiency curve will 
tend to promote or aggrevate instability. Hence an important 
multiplying factor to be applied to the Thoma area would take 
account of the variation in efficiency near full load. According to 
the late Mr. R. D. Johnson, in his discussion of the above-cited 
paper, the multiplier is 1 + 3/2-P/E-dE/dP where E and P 
are, respectively, efficiency and power at the point considered.* 

* Principal Engineer 
N. ¥ 

G. Evangelisti, ‘La Regolozione delle Turbine 
Nicola Zanichelli, Editore, Bologna, Italy, 1947, p. 13. 

For example, \ W F. 


Engineering Journal, January, 


Ebasco Services Incorporated, New 


York, 
Idrauliche,” 
MeQueen, ‘“‘Hydraulic Stability,”’ The 
1933, p. 13 


Although not so stated by Mr. Johnson, he evidently intended 


dE/dP to be taken as positive on the drooping part of the efficiency 
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This multiplier can readily have a value of 1.3 or more. Conse- 
quently, for a plant which will be required to supply an indepen 

ent load, or to regulate frequency in a system of which it is a major 
component, there is no question but that the Thoma area should 
be largely increased. This warning has been repeatedly given by 
that 


conditions have changed greatly since the days of the Heimbach 


writers on the subject.** However it must be admitted 


occurrence Power systems have become very large which tends 
to reduce the importance of the Thoma requirement at an in 
dividual plant, as several writers have pointed out Also man) 
units are operating at virtually fixed load conditions under in 
structions from a central dispatcher, with regulation being en 
trusted to one plant most suited to the purpose There has been 
a trend to storage projects and, consequently, to restricted orifice 


tanks, 


tems occasionally 


with their surge limiting characteristics Even large sys 


“come apart’? and may require some hours to 


reconnect. The consequences for a given plant which has a surg 
tank may or may not be such as to require consideration. Sum 
ming up, it is evident that each surge tank installation constitutes 
1 problem of its own, in which good engineering judgment must be 
exercised which has attracted so 


This is probably the feature 


many eminent engineers to study and write on the subject 


R,* ORIFICE HEAD 
FULL LOAD DI‘ 


90 20¢ 3c 4\ 


Fig. 20 Orifice surge tank; surge rise for “full load off” 


In closing, the writer wishes to offer a typical chart (Fig. 20 
which he has found useful in preliminary dimensioning of re- 
stricted orifice tanks. This diagram is based on Calame and 
Gaden’s Fig. 27** but by using head/stability factor as an ab- 
scissa it has been possible to express the data in a very convenient 
form, to find surge rise for ‘full load off’? with an orifice tank 


33 For example, George P. Rich, ‘Hydraulic Transients,’’ McGraw- 
Hill Book Company, Inc., New York, N. Y., 1951. 


%4 Author’s reference [4]. 
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Author's Closure 


The problem of surge stability proves once more to be of 


interest to mainly because of its 


Furthermore, the 


many engineers, practical 


implications. discussion of surge stability 


ittracts research workers and mathematicians because of the 
considerable interest of the mathematical analysis involved. The 


steady development of more elaborate theories justifies peri- 


odical surveys leading to a general discussion 
{ heck 


tanks connected to an 


Mr. Hug uses a differential analyzer to 


Irequency 
variations and surge stability of surge 
electric grid under different conditions of governor time lag, dead 
band, and system interconnection. Fig. 12 shows two convincing 
curves out of many more he has recently published in an impor- 


tant paper. To appreciate Mr. Hug’s contribution to the 


subject, reference should be made to this paper.* 
tesults obtained by Mr 
vided with 


MecCaig on a surge-tank model pro- 
an electronic governing system confirm Mr 
theoretical research on the influer 


Hug’s 
e of the governor time lag 
results obtained | 


Checking methods for 


view of Mr 


ailflerent 


This is the 


surge 


stability problems is a must Netscl 


ith whom the author entire iwrees 


Mr. Sutherland’s simplified proof of Thoma’s formula using the 


equation of energy recalls the publications of Evangelisti and 


some earlier work by nd Schiller® which vielded some 


important results at ar of the theoretical research 


B. Favez and M mes Journées d'Hy 
Société Hydrotechnique 


draulique ce 
1958 


Journal of Basic Engineering 


The three 


Sideriades 


Messrs 


discussion 


contributions of Paynter, Marris, and 


form a coherent based mainly on the 


theory of nonlinear systems. Now that we possess this most im- 
portant mathematical tool, we are astonished at the precision of 
in the 


simpler mathematical developments. On the 


the information which has past, been obtained with far 
whole, the new 
theory confirms what was found earlier. Surge tanks working in 
series on a pressure system have been examined exhaustively in 
the past. Sideriades now examines surge tanks put in parallel 
hvdraulic 


at ible 


on the same pressure system and shows them to 


be mainly This particular point requires experimental! 
confirmation 
There is one 


to the 


important point still to be clarified. It refers 
head V2/2 For tanks 
located on the upstream side of the turbines the work done by 
Gardel should be checked. The 


head V2/2q when the 


damping action of the energy 


mode of action of the energy 


tank is located on a tailrace tunnel is still 
most obscure and many authors think there is no damping at all 


rhis point must be made clear as more and more power stations 
are provided with tailrace pressure sysems 

It is real good news that Professor Paynter is in a position to 
announce an research 


studies at the M.L1 


Woodward Governor ¢ ompan' the 


extensive program on power systems 
under his supervision sponsored by the 
results of which will interest 


all specialists. 


* Frank ve ‘ “Schw 
Berlin, 1938 
don, 1956, 1 


gungen in Zuleitungs Kan4le: 
eering Fluid Mechanics Lor 
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Bitte or THE “Aspects of Cavitation Similitude in 
Hydraulic Turbines,’’ presented at the Seventh Congress of the 
International Association for Hydraulic Research at Lisbon, 
Portugal, in 1957, are included here with fuller treatment of cer- 
tain points. 

The most important problems to be solved ,in investigating 
cavitation on scale models concern choice of length and velocity 
scales and determination if there are lower limits beyond which 
these characteristics can be scaled down. In dealing with turbo- 
machines, or more generally flow under pressure, it is also neces- 
sary to know whether the head (or velocity) scale and length 
scale can be chosen independently of each other as is done 
where cavitation does not occur. 
the authors 
were first considered by Thoma more than 30 


These problems are by no means new. To 
knowledge they 
years ago. Professor Thoma stated that the cavitation factor 
which he defined on that occasion, and the Froude number have 
to be equal on the model and on the prototype, and the length 
scale has to be the same as that of the head driving the machine 
or the head generated by the machine 

This law does not consider the amount of scaling down that can 
the phe- 
In building models of large turbines (or 


be done without causing exaggerated distortion of 
nomena being studied 
structures) operating under low heads, Froude similitude require- 


Would it not 


preferable to abandon Froude’s law and choose heads 


ments result in low flow velocities on the model 
then be 
which are scaled down less or which are the same as the prototype 
head, as done by some manufacturers? 

Much research on the similitude of cavitation phenomena has 
been done since Thoma’s days, but it would appear that little is 
The 
iuthors have always considered that, for certain cavitation tests 
the Froude number should be the same on both the model and the 
differs that held 


oncerned with the possible influence of the Froude number 


prototype, an opinion which from most fre- 


juently in other laboratories 


Recent research on cavitation, of which the most Important 


has been done in American universities, has not shown that the 
Froude number has a particularly great effect, and this would, at 
first sight, seem to justify the frequently accepted practice of 
ibandoning Froude’s law. 

lhe great variety of opinions on this subject results partly from 
the fact that no similitude rule and 


rom the fact that a model can only claim to represent certain 


can be said to be rigorous, 
ispects of actual phenomena 


Indeed it would seem that the use of heads higher than the 
lroude” heads was originally motivated not by the desire to avoid 
scale effect linked with velocity, but by experimental difficulties 

resulting from the expulsion of air from the water. 

Contributed by the Hydraulic Division 
Annual Meeting, Atlantic City, N. J 
1959, of THe AMERICAN Society or MECHANICAL ENGINEERS 

Note: Statements and opinions advanced in papers are to be 
onsidered as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, June 11, 
1959 Paper No. 59—A-40. 


and presented at the 
November 29-December 4 
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The Selection of Length and Head Scales 
for Cavitation Tests 


The choice of similitude laws, and more generally of experunen- 
tal techniques, depends upon the objective. One should concen- 
trate on reproducing as accurately as possible the phenomena 
which have the most direct effect on achieving the objective, and 
at the same time accept the necessity, if it arises, of distorting 
other phenome.a to a varying extent 

Thus, before considering the laws of similitude to be used in an 
experiment, it is advisable to recall to mind the reasons for ecarry- 
ing out the experiment and its objectives 

With hydraulic turbines or pumps the fundamental considera- 
Indeed 


always accompanied by effects which are injurious to a varying 


tion is to avoid cavitation. when cavitation occurs, it is 
extent 
yond the limit at 


produce s effects which be- 


The deterioration of operating conditions be 
which cavitation occurs, generally 
come disastrous very rapidly, e.g 


strong vibrations, a serous 


reduction of output and efficiency, and erosion of the rotor or non- 
rotating parts of the machine, occurring with varying rapidity 
Whatever may be done, the limits, beyond which cavitation ef- 
fects become unacceptable, cannot be determined a priori with 
great accuracy 

In view of the serious results of cavitation, and because it is 
possible to be certain of moderating its effects, hydraulic turbine 
manufacturers and operators have mainly been concerned with 
avoiding cavitation as completely as possibl 

Of course, such efforts deal mainly with normal operating con- 
ditions, since in nearly all practical instances it is necessary to 
uccept a varying degree of cavitation during certain transient 
operating conditions, or even during certain rarely encountered 
steady operating conditions. 

It can therefore be said that the similitude property, which is 
of prime interest to turbine manufacturers and operators, is that 
vhich applies to the no-cavitation limit conditions 

Seale model determination of the cavitation threshold really 
has the following objectives 


1 To make it possible to calculate the setting of the turbine 
vhich will avoid cavitation under normal operating conditions. 
) 


2 To improve turbine design so as to reduce the critical sigma 
isn uch is possible 


In connection with the first point it is assumed that the operat- 
ing conditions can be varied to the point where cavitation starts 
and that the criteria with which cavitation is detected have been 
defined 


operating characteristics 


i.e., visual or aural observation, or the deterioration of 


The second point implies that the location and appearance of 


incipient cavitation can be observed accurately 


Froude Similitude 


The Justification for Using Froude's Similitude When Determining the 
Cavitation Threshold. 
to define incipient cavitation, it is always linked with the ap- 


Whatever criterion has been decided upon 


pearance at a given point in the machine, and in this point’s im- 


Transactions of the ASME 





mediate vicinity, of localized pressure which attains a certain 
critical value per. Most frequently this pressure is considered 
to be the vapor pressure of water. This problem, which is one 
of the most tricky arising from scale-model experiments on cavi- 
It will now be shown that 
where hydraulic turbines are concerned, it is desirable to use the 


Froude and Thoma similitude conditions simultaneously, what- 


tation, will be dealt with again later 


ever the value alloted to the critical pressure may be. 
The pressure at a given point in a turbine is given simply by 
Bernoulli's equation 


— oH (1) 
where 
h is the absolute pressure at the point under consideration in 
meters of water 
h, is atmospheric pressure in meters of water 
h, is the suction head? 
z is the elevation of the point under consideration above a refer- 
ence point in the turbine?* 
H is the total net head 
o is a factor which depends upon the operating conditions of the 
turbine and upon the location of the point under considera- 
tion 
Let Aer be the critical pressure given in meters of water 
Cavitation starts when h at a given point is equal to her; since 
the pressure in the turbine is unknown, the elevation z of the 
point of incipient cavitation cannot be determined a priori. 
When comparing two geometrically similar turbines operating 
under homologous conditions, it is convenient to divide height of 
water columns by the head H 
the runner 


ind elevations by the diameter of 


Equation (1) then becomes 


h : oe 
= Z —g 
H H 
where Z = 


sideration 


D is the relative elevation of the point under con- 


It is interesting to bring out the difference between the local 
pressure and the critical pressure 


h-he h, 
H 


For given operating conditions, the factor o depends upon the 
location of the point being considered and therefore upon Z 
For each value of Z there is a point at which ¢ is a maximum and 
takes the value a» which is dependent only on Z. It is obvious 
that cavitation is incipient at points where gm is a maximum 


h — he 
Let ( ) be the value of the left-hand side of (3 


at such 
H 


points 
Then 


h 


where — 


h — he 
is written as o,, the plant sigma »( ) 
H H " 


is a function of Z only 


It can be expressed as the difference 

between the ordinates of the straight line A with equation y = ¢,; — 

a : 

Z —, which only depends upon o,; and 
H 

the curve y = @,,(Z), which only depends upon the design of the 

turbine and the conditions under which it operates, Fig. 1 


D 
, and the ordinates of 
H 


? Turbine manufacturers’ practice is to take this as being the 
height above tailwater of a characteristic point in the turbine such 
as the axis of the vane trunions in Kaplan turbines or the center line 
of the distributor in Francis turbines 


Journal of Basic Engineering 


>——— 


— = 
2max. 


h 
Fig. 1 Computation of " 
The limiting value of o; at which cavitation is incipient, i« 
It can 
that, for turbines having the same design 


0 ier, 18 the value for which <A is a tangent to the curve ¢,, 
be seen immediately 
and operating under homologous conditions, Cict will only be the 
same if the values of H/D are equal. Similarly, the location of 
incipient cavitation also depends upon H/D 

It is therefore necessary to conform to the Froude similitude 
, make the values of H/D equal, to determine both 
the critical setting of the turbine and the 


conditions; i.e 
location of regions 
which will cavitate 

The Effect of Distorting the Head and Length Scales. 


discussion has shown that it is mainly uncertainty as to the loca- 


The preceding 


tion of the point at which the critical pressure first appears which 
makes it necessary to conform to the Froude similitude conditions 
Naturally 


certainty the location of this point and to be certain that it does 


if for various reasons it is possible to predict with 


not depend upon H/D,* it would seem permissible to distort the 
latter factor to some extent. Certain turbine manufacturers ap- 
parently have this in mind when they consider it possible to work 
with test heads nearly the same as the prototype heads rather 
than use scaled-down heads. However, this procedure can, in 
certain cases, result in a certain amount of uncertainty concerning 
the determination of the critical setting 

Starting with the simple hypotheses formulated earlier, it is 
possible, by running a test in which the ratio H’/D’ is not the 
same as H/D in the prototype, to calculate the maximum error 
one is likely to make in determining the critical ¢ 


Assume that H’/D’ > H/D 


for example, a test head is used which is nearly the same as the 


This inequality will be true if 


prototype head instead of scaling it down with the model 


Let Gur’ be the critical value obtained on the model, Fig. 2 


The only conclusion that can be drawn concerning the ¢,, curve 
defined earlier is that it lies below the straight line A.,’ with co- 
— D’'/H', which cuts the lines with 


abscissas Z min and Z max, corresponding to the points on the 


ordinate Gjer’ and gradient 
runner having extreme elevations. at points A and B. 

The gradient of the line A., which indicates incipient cavitation 
in the prototype will be — D/H and the line will certainly: 


line A, gradient D/H which 
through point B and cuts the axis Z = 0 at the point M, the ordi- 
nate of which is o., max, 

b) Lie above the line A, with gradient D/H whict 
through the point A and cuts the axis Z = 0 in the point V, the 
ordinate of which is ¢,., min 


(a) Lie below with 


passes 


passes 


* That is to say if the region likely to cavitate is not very deep 
which is not generally the case in well-designed turbines where one 
tries to spread out the low-pressure regions over the greatest possible 
area on the runner vanes. 
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Kier min. 


Zmin. 0 


Fig. 2 Computation of o¢: min ON Cor max 








The only conclusion that can be drawn with certainty concern- 
ing the prototype turbine (H/D) from a test run on a model for 
which the characteristic value is H’/D’, is that the o of the pro- 
totype certainly lies between the values o min and @ max which 
can be calculated from the critical o of the model (g.,’) and from 
the values H/D and H’/D’. 


from this may be rather wide. 


Indeed, the scatter which results 


Che scatter of the critical sigmas is 


— Omin = L/D(D/H — D'/H’) 


7 max 


where L is the height of the runner. 
The corresponding uncertainty concerning the suction head is 


= Ll 


— D’'/H' H/D) 


It can be seen that, if a cavitation test is run on a scale 


model with the test head the same as the prototype head, the 


degree of uncertainty concerning the setting of the prototype is 
O.95L 
») 


be as much as 1.5 to 2 meters (with the blades fully open). 


Now the total height L of a large Kaplan turbine may 
Scat- 
ter of this order is very much higher than that which results from 
experimental errors and any scale effects, and the ways in which 
it affeets the cost of plant or the danger of cavitation, are far from 
negligible 


Scale Effects 


However, the simultaneous application of Thoma’s parameter 
ind the Froude law is not sufficient in all circumstances if one 
vishes to reproduce the cavitation threshold absolutely accu- 
rately As 


physical laws, the similitude laws are only approximations and 


has already been stated, and this is true for all 


the matters for concern are the differences between reality and 
what is expressed by these laws. These differences, which are 
isually referred to as ‘‘seale effects,’’ will not be analyzed fully: 
in this paper. Certain precautions will be described that have ta 
ve taken to reduce their magnitude and means suggested by 
which approximate corrections can be obtained. 

Since the threshold 


vhich the localized pressure at 


cavitation occurs under conditions for 
i certain point is equal to the 
critical pressure, it may be expected that the differences between 
the model test results and the behavior of the prototype originate 
from: (a) Either the reproduction of the local pressure field, (b 
wr the magnitude allotted to the critical pressure, (c) or the evalua- 
tion of the moment at which both these pressures become equal; 
i.e., the sensitivity of the method used to detect incipient cavita- 
tion 

Magnitude of the Critical Pressure. Whether Froude’s law is con- 


formed to or not, it is essential that the critical pressure be known 


DECEMBER 1960 


if it is to be possible to transpose the results of a cavitation test. 
Now this critical pressure, as will be seen later, can only be deter- 
mined approximately and this results in uncertainty concerning 
If the Froude 
similitude conditions are observed the error, to which the critical 


the suction heads of the machines being studied 


pressure (expressed in meters of water) is subjected, is scaled up 
(for instance an error of 0.10 m concerning the critical pressure 
in a test on a '/,;) seale model becomes an error of 1 m), whereas, if 
the test head is the same as the prototype head, the error concern- 
ing the suction head is equal to the error concerning the critical 
pressure and can often be neglected. 

In the authors’ opinion this is not a reason for not using the 
Froude similitude conditions in cases where, because of the 
reasons stated in the section on the justification for Froude’s 
What should be done is to try 


to reduce the uncertainty concerning the critical pressure as much 


similitude, they have to be used 


as possible. 

This leads to a brief discussion of the factors which affect the 
critical pressure 

The Critical Pressure for Gaseous Diffusion. If thy 
through the turbine contains both dissolved air and nuclei of un- 


water passing 
dissolved air, bubbles form in the regions of lowest pressure and 
gaseous diffusion occurs. This is the reverse of what takes place 
when air is dissolved 

How does gaseous diffusion, the effects of which are likely to 
be confused with those of cavitation, take place when the Froude 
similitude conditions are being used, or when the head is nearly 
the same as the prototype head? This question will be considered 
with reference to a low head turbine 

A preliminary comment has to be made. If, whatever test 
method is used, it is assumed that, at the point where cavitation is 
incipient, the pressure is nearly the same as the vapor pressure 
of water, the critical pressure for gaseous diffusion will have been 
that 
nevertheless a great difference between operation with or without 


exceeded in both cases, but it must be noticed there is 


a scaled-down head for: 


1 When the test head is nearly the same 
head, the region, in which the localized pressure is less than the 


as the prototype 
critical pressure, is very small. Since, in addition, flow velocities 
are very high and the models may be small, the time taken by 
water to pass through such regions is very small with the result 
This 


quantities and 


that gaseous diffusion has hardly enough time to occur 
means that air bubbles form only in moderate 


affect neither the performance of the turbine nor any visual 


observation that may take place 

2 If the Froude similitude conditions are used, the very low 
pressure regions are much more extensive, especially upstream of 
the critical-cavitation region, and the models are relatively large 
with low flow speeds. Gaseous diffusion has time to take place, 
if only partially, so that when no precautions are taken the turbine 
no longer operates with water but with an emulsion, which both 
changes the nature of the phenomena and makes them difficult 
to observe Such are the difficultic s encountered by those who 
tried to run cavitation tests under Froude similitude conditions 


and who, for example, used natural-water supplies. 


However there are methods of eliminating air bubbles and 


emulsions. For instance, large open surfaces and an adequately 
dimensioned air-absorber can be incorporated in the circuit of the 
test stand 

It would seem advisable to discuss the effect of such arrange- 
ments on the critical pressure for gaseous diffusion a little more 
fully. 

The critical pressure for gaseous diffusion depends both upon 
the pressure of the air dissolved in the water and upon the dimen- 
sions of the nuclei of undissolved air. If one wanted to reproduce 
gaseous diffusion accurately in the model it would be necessary to 
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control both these factors. In any case, the rate of growth of 
bubbles from dissolved air or the rate of redissolving is low and it 
would probably be necessary to work 
therefore heads) 


by the Froude similitude ¢ 


with flow velocities (and 


which are still lower than those made necessary 
onditions. This brief consideration of 
the problem shows that it is certainly very difficult to investigate 


gaseous diffusion with scale models. Besides, this phenomenon is 


not of interest when running cavitation tests and its elimination 


To do this, it 


would be necessary to remove al! disso | r 


d air and all air nuclei 


can be considered, since it is « stray effect 


from the water, but this cannot be done since the critical vaporiza- 


tion pressure would be reduced to very small negative values, which 


it would be difficult to determine d whict any ct have 


no connection with the crit 


water used in prototype turbines 


In practice it has been noticed that it is sufficient to reduce ip 


preciably the amount of air dissolved in the water and to eliminate 


the largest It is thus possibl 


ur nuclei | 


educe gaseous diffu 


sion adequately without any likelihood of delaving the onset of 


vaporization 


Critical Vaporization Pressure. niike the critical pressure for gas¢ 


ous diffusion, this does not appear to depend upon the amount of 


air dissolved in the water but only ipon the temperature ol the 
water and upon the dimensions of the nuclei of gas which are al 
ready present in the water. This is what is shown by an investiga 


tion ot 


; 


terms of the initial 
and of the 
t bubble of given dimensions, there is 
bubble is 


the static equilibri im ol 


' 
icleus in 
mass of gas which it contains, of the surface 


Thus, fo 


under which the 


tension, 
vapor pressure 


i critical pressure instable and grows 


larger indefinitely 


An investigation of dynamic equilibrium shows that, if the pres- 


i} idly 
different from the critical i 


sure in the liquid varies very r the critical pressure may be 


pressure 


| However, for this to 
true it is necessary that the duration of the pressure variations 
be of the s as the if the 


niu le I 


ime order « 


scillation periods « 


In prototype turbines, as well as in 


suffice ntly large models 


the time taken to pass thro igt i low pressure region is 


large compared with the natural period of the nuclei and it can 


ilways 


always be assumed that they actually pass through a series of 


field. 


consider the case of a Kaplan turbine with a 6- 


static states of equilibri im as they traverse the pressurt 
As an example 


m-diam runner operating 


inder an 18-m head together with two 


scale models of the same turbine, one of them being designed for 
tests under the Froude similitude conditions with, for example, a 
500-mm-diam runner and consequently operating under a 1.50-m 
head, and the other designed for tests under the prototype head 
with a runner having a diameter of only 200 mm 

The times that 


} 


a liquid particie takes to pass through the 
runner are as follows: 


in the prototype 12 «x 10 
in the 500-mm model °5 x 


in the 200-mm model x 


Furthermore, the natural pe riods of the nuclei are of the order 
of 10~* sec (at least,for nuclei having a critical pressure near th 
vapor pressure 
in the 


It is thus seen that both in the prototype and 


models, the time taken to traverse cavitation-sensitive 
regions is much greater than the natural period of the nuclei. 
It is only in very small models, operated with a high test head, 
that the time taken to pass through the runner might be of the 
same order of magnitude as the natural period of the nuclei. In 
the authors’ opinion this suggests that it is preferable to use suf- 
ficiently large models operated with heads that are not too high 
Observing the Froud conditions 


similitude often leads to low 


testing head 
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Thus it would not seem that flow velocities themselves affect 
the critical vaporization pressure 

Howeve r, the selection of velocities for a cavitation test also sets 
the general level and the form of the pressure distribution in the 
model Can such a pressure distribution affect the concentratior 
and dimensions of the cavitation nuclei? It would seem that the 
answer is in the affirmative, and furthermore there is no difference 


between this problem and the one raised in connection with 


gaseous diffusion. Indeed, it can be assumed that if velocities and 
ind in the 


ir originally contained 


pressures are sufficiently low in the model test stand 


it will be possible to increase the mass of 
in the nuclei because of gaseous diffusion. In this way certain 
nuclei, which were originally very small and which would have had 
t critical pressure much less than the vapor pressure (or even a 
negative value in be brought up to the mass at which the criti 


il pressure 1s almost the us the 


yther hand 


same vapor pressure. On the 


nuclei containing gas, the mass of which was already 


rather large, will come into the field of gaseous diffusion and this 
s the problem that was raised in considering the critical pressure 
for gaseous diffusion 

It would seem that the following conclusions can be drawn in 


this connection 

1 Inadequate removal of gas from the water during cavitation 
tests with very low heads resulting from the application of Froude 
similitude conditions, might lead to a critical pressure which is too 
high linked with the fact that diffusion rather than 


gaseous 
vaporization then exists 
2 On the other hand, too intensive removal of gas is likely to 
delay cavitation and this illustrates the importance of suitably 
idjusting the concentration of dissolved air in the test stand 
however, this is a problem which is obviously less acute when 
with test he 


work is being done ids which have not been scaled 


lown from those of the prototype 


Critical Pressure for Deterioration of Performance. 
ivitation 


Very often the 
hreshold is defined by the point at which performance 
begins to deteriorate In particular, with tests involving tur- 
ines or pumps, the critical sigma which is considered is the sigma 
affected 


reductions. At the moment 


it which the efficiency, output, or delivery begin to be 


or for worse by pressuré 


when the performance characteristics are modified in this way 


cavitation has already developed to a certain extent and generally 


takes the form of suthors 


believe that it is essential to conform to the Froude similitude cor 


1 pocket clinging to the vanes. The 


ditions if phe nomena are to be reproduced corres tly, since a sec- 


tion of the pressure distribution, which is not a point, 18 affected 


DY cavitation, or in other words, the dimensions ind shape of the 


pocket are not the same when Froude’s number is varied. Ur 


fortunately, the critical pressure at this stage is no longer the 


ritical pressure of the free nuclei but rather the pressure in the 


cavitation pocket Experiments have proved that the latter 


pressure is appreciably higher than the vapor pressure and this 
has lead certain people* to consider that the critical pressure 
must be particularly high in this instance. The 
bubble 


critical pressure for the phenomenon, m 


authors are of the 


pinion that the pressure in the ind consequently the 


yst be affected by the cor 
entration of dissolved air 


The Effect of Scale on Local Pressure. The Effect of Pressure Fluctuations. 


It is not only the mean pressure which governs the onset of cavi- 


tation, but also fluctuations about this mean value 


Pressure fluctuations originate in: 


l Local turbulence This cannot be prope rly scaled down 


| 
and only Re ynolds numbers in the 


model that are as high as 


possible should be used 


‘Particularly Mr. Michel Hug, 
Etudes et Recherches d’E.D.F., 
for the comments made here. 


Direction des 
the authors are indebted 


Ingénieur A la 
to whon 
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2 Turbulence on a much greater scale such as that set up by 


vortexes released at draft-tube and diffuser outlets or by un- 
stable-flow separation effects on fixed or rotating vanes in the 
machine. Such large-scale pressure fluctuations affect the whole 
pressure distribution in the machine. They should not be ne- 
glected, and the problem arises of reproducing them as well as 
possible This necessitates exact 
geometrical reproduction of turbine draft tubes and pump dif- 


fusers as well as any open surfaces at the outlets of such machines. 


in scale-model experiments. 


Similarly, in the case of small-scale turbulence there is a minimum 
teynolds number below which phenomena of this kind are repro- 
duced badly 

The Effect of Geometrical Discrepancies. However carefully models 
and prototypes are made, it is impossible to assert that one is an 
vecurate geometrical reproduction of the other. This is particu- 
larly true where surface roughness and waviness are concerned 
\ localized defect can set up a region of low pressure which is 
proportional to the kinetic head there. 

The objective that has to be attained as far as the prototype is 
concerned, is not only to be certain that the localized pressure at 
ull points is greater than the critical pressure, but also to maintain 
a “pressure margin’’ which is proportional to the kinetic head, 
in the region likely to experience cavitation. This safety margin 
is often characterized by a coefficient € which expresses the ratio 
local kinetic head and the local static head The 
critical value of €, below which values should not go, obviously 
depends upon the nature of the surface and its finish. 


between the 


When transposing from the model to the prototype, allowance 
should be made for the critical values of € which are generally not 
the same. This should be a reason for prohibiting the use of very 
small models on which it is very difficult to reproduce relative 
roughness satisfactorily 

The Effect of Fluid Friction. The fact that one cannot reproduce hy- 
draulie frictional forces exactly on the model under similitude 
conditions causes efficiency to be subjected to a seale effect which 

The scale 
ff 


effect mentioned here also acts on all velocities and pressures in 


is corrected by partially or totally empirical formulas. 
the machine and thus affects the cavitation threshold 

One might consider establishing a relationship between the 
efficiency discrepancy using the formulas referred to earlier, for 


nstance, and the sigma discrepancy which is to be expected in the 


full-scale machin In fact, knowing the discrepancy between 
the efficiencies is not enough, one must also know how it is dis- 
tributed over the various parts of the machine. Information on 
this subject is given in certain theories which have been advanced 
in convection with the efficiency transposition formulas, but the 
issumptions on which they are based have not yet been ade- 
quately tested by experiments. The resulting uncertainty con- 
cerning the correction that has to be made to the critical sigma is 
often rather great as is shown by the following example 

Let us consider a Kaplan turbine operated under a 16-m head 
whose efficiency for the nominal rating is 88 per cent on the 
model and 92.5 per cent on the prototype. 

If it is desired to determine the critical sigma by means of model 
tests, it is necessary, before determining the co-ordinates on the 
hill chart for the model, to increase the prototype head nominally 
by multiplying it by 92.5/88, since, as a first approximation, it 
can be assumed that the increase in efficiency in the prototype 

} 


may be represented by « corresponding increase of the net head 


on the runner. 

In the extreme case when only the losses in the scroll case and 
the distributor are involved in the scale effect, the suction head 
on the runner would be the actual geometrical suction height in 
the prototype. In the opposite extreme case, when the scale effect 
is only explainable by the energy-loss difference in the draft tube, 
the geometrical suction head would have to be increased by the 
788 
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nominal increase in head. The following figures are obtained by 


applying these considerations to actual laboratory results: 

Suction head calculated without allowing for scale effects: 
(—2.80 m). 

Suction head calculated making the first assumption (gain at 
inlet only): —1.70 m. 

Suction head calculated making the second assumption (gain in 
draft tube only): —2.50 m. 


These figures, which refer to a case that is by no means excep- 


tional, show the extent to which the localization of the seale ef- 
fects causes great uncertainty as to the critical suction heads 
Of course, cavitation can always be avoided by making the most 
unfavorable assumption; i.e., that there is a gain only in the draft 
tube 


In order to be able to draw sufficiently accurate conclusions 


from a cavitation test, it is essential that it be carried out with 
such length and head scales that the effect of scale 


remains reasonably small. 


on efficiency 
Furthermore as defined 
earlier, are only valid if the effect that scale has on tangential 


corrections, 


forces, does not result in complete deformation of the velocity and 
pressure fields 

Likewise it is felt that it is preferable not to use models which 
are too small, even with adequate Reynolds numbers, since the 
effect of scale on efficiency is then probably affected by roughness 


and is therefore harder to determine 


Conclusion 


In the foregoing discussion some of the precautions have been 
described that have to be taken to obtain a correct representation 
of the pressure field in a cavitation model and to be certain of the 
critical pressure that has to be used 

It has been seen that, where the total height of the prototype 
cannot be neglected, the length and head scales ought to be con- 
nected by the Froude similitude conditions. It has als 
that, for 


been seen 


various reasons which agree with each other, it ts 
necessary not to go below a minimum Reynolds number and also 
not to use a model of which the absolute dimensions are too small. 
Likewise the reasons have been shown why special precautions 
have to be taken concerning the concentration of air dissolved 
in the water, especially when one is working with low heads and 
pressures, 

\ practical result of these rules when considering large low- 
head turbines is that setting minimum Reynolds numbers makes 
for much larger models than operating with less scaled-down test 
heads. This, by the way, is one of the practical drawbacks of the 


Froude make it 


similitude conditions which, in most instances, 
necessary to build more expensive models 

Returning now to the general considerations at the beginning, 
it must be asked what cavitation effects can be suitably repro- 
duced using the Froude similitude conditions and the Thoma 
eriterion. 

The threshold of incipient cavitation, which is detected by the 
visual or acoustic effects of cavitation bubbles 
torily field 


suitably and provided the corresponding critical pressure can be 


can be satisfac- 
represented provided the pressure is reproduced 
determined sufficiently accurately. 

The point at which performance begins to deteriorate can be 
reproduced on the model as long as suitable similitude conditions 
are also used here for the pressure field and as long as the critical 
pressure at which performance begins to deteriorate is known. 
There is no reason why the latter pressure should not be different 
from the vapor pressure. 

However, it would seem that, at the present stage in research, 
the idea of suitably representing the first onset of pitting should 
be abandoned. Research on this point, especially work done in 
the United States, shows that the absolute velocity has a very de- 
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cided effect, and various authors recommend that prototype 
velocities be used for tests concerning the onset of pitting. Obvi- 
ously in certain instances this is incompatible with being able to 
reproduce the pressure field correctly and it is for this reason that 
it will probably be necessary to give up the idea of investigating 
erosion directly on scale models of machines or hydraulic struc- 
tures. 

If, as has been said, a model cannot provide data on the in- 
tensity or rapidity of pitting, it can at least, so long as the pre- 
cautions described in this paper have been taken, give complete 
information on the location and extent of regions likely to be 
affected by cavitation and can, for example, thus indicate regions 
which ought to be protected by prewelding with stainless steel. 

It may be asked why it is not enough to simulate the pressure 
field and the critical pressures exactly when attempting to formu- 
late pitting similitude conditions. In the authors’ opinion this is 
simply due to the fact that, when pitting begins, the cavitation 
threshold has already been passed. Strictly speaking it is 
practically impossible to create the similitude conditions for de- 
veloped cavitation. Surface tension, the thermodynamic proper- 
ties of gases, water, and water vapor have to be taken into ac- 
count, and that is practically impossible. The rate of pitting is 
connected both with the energy involved in the collapse of the 
cavitation nuclei and with the frequency at which they collapse 
near the walls. A much clearer explanation of the preponderating 
influence of absolute velocities, as observed in the experiments 
mentioned earlier, would probably result from analyzing both 
these factors. 
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DISCUSSION 
David B. Benson’ 


Current hydraulic turbine practice is to avoid the presence of 
cavitation as completely as economics permits. As a result, the 
industry should be concerned with similitude laws for the incep- 
tion of cavitation as well as similitude laws for advanced stages 
of cavitation. 

The authors discuss briefly the fact that time affects the incep- 
tion of cavitation, but they do not develop any scaling laws for 
the effect. The rate at which a nucleus can grow to a finite size 
is controlled not only by its initial physical size and shape but 
also by the thermodynamic properties of the liquid and by the 
magnitude and duration of the reduced pressure to which it is ex- 
posed. It may be assumed that a nucleus must be subjected to 
an average pressure Ap below the critical pressure for an interval 
of time ¢ to grow and become unstable. If it is supposed that the 
liquid for the model and prototype has the same properties, and 
the nuclei present are the same size and shape, then we have 


AP ty = APatn 


where the subscripts p and m denote prototype and model, respec- 
tively. 

Ignoring Froude and Reynolds similitude, the usual model scal- 
ing laws are based on equal Euler numbers for prototype and 
model. Equal Euler numbers result from kinematic and geo- 
metric similarity and similarity of pressure and inertia forces 
only. From the condition of equal Euler numbers, 


pV Ap, _ ta VAP 
L, L 


where L is a characteristic length. Letting 


Ap, 
= = Ap, = H 
Ap. P, r 


where H, is the head ratio, and letting 


where L, is the scale ratio, then, from the preceding equations, 


L, VH, =1 


If Froude similitude and time effects on inception are ignored, 
and only Euler and Reynolds similitude are considered, the rela- 
tion between head and length ratios using water as the model 
fluid can also be shown to be 


L, WH, =1 


From this, it is seen that the scaling law for Euler similitude and 
an assumed similarity of time effects on cavitation inception are 
the same as those for Reynolds and Euler similitude. However, 
when using water as a mode! fluid, it is not generally feasible to 
apply Reynolds similitude to the testing of hydraulic turbine 
models, and equally impractical to apply the derived time simili- 
tude on cavitation inception, due to the high model heads in- 
volved. : 

It is possible, at least in theory, to satisfy Reynolds, Froude, 
and Euler similarity requirements together by the use of a model 


’ Engineer, Hydraulic Department, Industrial Products Division, 
Newport News Shipbuilding and Dry Dock Company, Newport 
News, Va. 
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fluid other than water. Then the length and head ratios can be 


shown to be related by 
L, = H, = 


vith the previously assumed time similitude for cavitation incep- 
tion adding the requirement 


py,” = | 


vhere p, is the density ratio and v, is the ratio of kinematic vis- 
cosities 

In view of the impractieability of applying Reynolds and 
Kuler similitude when water is used as a model fluid, and the 
fact that the point of cavitation inception may be located, 
thereby satisfying Froude requirements, the selection of length 
ind head ratios remains merely an opinion based on convenience 
of testing. Thus while researchers are debating the merits of 
their opinions, the attention of industry might well be directed to 
the search for a liquid to satisfy all the requirements of testing hy- 
iraulie turbine models 


G. Dugan Johnson’ 


The writer deeply appreciates this opportunity to present a 
prepared discussion on the authors’ most unusual conception of 
the importance of adhering to Froude similitude in the cavitation 
testing of hydraulic turbine models. The cavitation phase of 
iboratory model tests was not included in our 1956 ASME Sym- 
posium,’ but it appears that a session devoted specificially to this 
subject would prove also to be extremely interesting and valuable 
for users as well as for manufacturers of hydraulic turbines 

The writer is employed by a manufacturing company that has 
spent (and is continuing to spend) large sums of money to build 
ind remodel laboratory facilities to permit testing turbine models 
inder heads equal to (or closely approximating) those under 
which the prototype machines will operate. Obviously, we are in 
ilmost complete disagreement with most of the authors’ major 
hypotheses and conclusions . . . . for reasons which we will now 
proceed to outline. 

Actually, the authors themselves have admitted many of the 
practical disadvantages of applying the Froude similitude cri- 
terion to scale model tests of hydraulic turbines, including the 
very low test heads requiring high vacua at low sigma values and 
the resulting diffusion of air from the water throughout the 
model, which interferes with both the performanee and the 
‘avitation phenomena. This makes it necessary to attempt to 
regulate the air content of the water in such a way as to minimize 
diffusion without affecting either the normal] performance or the 
cavitation “fluid mechanics.’’ However, they insist that Froude 
similitude is sufficiently important to justify the seemingly un- 
onquerable inherent difficulties and the potential inaccuracies 
resulting therefrom. 

rhe authors credit Dr. Dieter Thoma with the original state- 
ment that the Froude number as well as the sigma value must be 
equal for the model and the prototype. But it certainly is in- 
teresting to note that Thoma, in his own tests, used prototype 
heads and completely disregarded Froude’s law. . 
to Dr. Hans Gerber.® 


. according 
Apparently, Thoma himself realized the 


‘Chief Hydraulic Engineer, Hydraulic Division, Allis-Chalmer 
Mig. Co., York, Pa. Mem. ASME. 

Symposium on Laboratory Testing of Hydraulic Turbine 
Models in Relation to Field Performance,” Trans. ASME, 1958, pp. 
1525-1543. 

’H. Gerber, ‘“‘Some Reflections on Model Scale Formulae for 
Cavitation Phenomena,” Proceedings of a Symposium on Cavitation 
in Hydrodynamics published in 1956 by the National Physical 
Laboratory, Teddington (Middlesex), England (11 p. 1-11 p. 13). 
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impracticability of attempting to adhere to Froude similitude. . . . 
even if it is theoretically desirable. 

This deviation was justified by the fact that, as Dr. Robert T. 
Knapp® pointed out, the only way to eliminate completeiy all 
scale effects is to test the full-size prototype itself under actual 
field conditions. Consequently, as the authors state, the choice 
of model similitude laws and experimental techniques should be 
such as to reproduce with a reasonable degree of accuracy the 
particular phenomena being investigated 

On this basis, our company has elected” to test models (witha 
runner discharge diameter of 12 in.) completely homologous to 
their respective prototypes under conditions duplicating or ap- 
proximating those under which the prototype units will operate, 


J ificiuding pressure and suction heads, water temperature, and 


natural air content. 
proach has the significant advantages that the air content prob- 


By the authors’ own admission, this ap- 
lem is “obviously less acute’ and any “error concerning the 
critical pressure .... can often be neglected.” 

It is our opinion, based upon almost thirty years of cavitation 
testing experience, that Froude similitude is not required for 
satisfactory model cavitation tests and that it should be disre- 
garded completely. Theoretical potential errors can be minimized 
to the point where they may be classified as minor scale effects, 
than 
conditions through the | 


smaller in magnitude customary commercial ‘“safety’’ 


margins. Since flow irger prototype 
runners must be better than with prototype water velocities in the 
12-in. diameter model runners, our prototype application margins 


automatically contain indeterminate ‘“extra’”’ ounts of safety. 


We also take issue with the authors’ statement that “the funda- 
mental consideration is to avoid cavitation.”’ We agree that, 
iny head and 
result. How- 


determine critical sigma for the model as the value 


when plant sigma drops below the critical sigm or 
load, cavitation, vibration, and loss of output m 
ever, we 
corresponding to a loss in output of | per cent, well within the 
margin between the “expected” and “guaranteed’”’ performance 
of prototype units. 

In our opinion, the authors’ ‘threshold of incipient cavitation, 
which is detected by the visual or acoustic effects of cavitation 
bubbles’’ has little, if any, practical significance, especially since 


it “has already been passed ... . when pitting begins.’? Our ex- 
perience indicates that limited amounts of localized pitting will 
occur in prototype turbines during the first year of operation 
even though they are operated above critical sigma values 100 
per cent of the time. Reasonable quantities of metal removal are 
allowed in the various contracts and the areas to be protected with 
stainless steel prewelding or inserts are determined with sufficient 
accuracy from previous prototype experience on similar designs. 
Consequently, we do agree with the authors’ conclusion that “it 


will probably be necessary to give up the idea of investigating 
erosion (pitting) directly on scale models.’’ 

Fig. 3 of this discussion is an illustration of the accuracy and 
control attainable during cavitation tests under relatively high 
test heads, even at very low sigma values. Note the smooth 
curves obtained for unit output, discharge, and efficiency versus 
sigma. 


at the very low sigma of 0.007 resulted in a total loss in output of 


Although a critical sigma of 0.050 is indicated, operation 


only 7 per cent and an efficiency drop of only 4 per cent. 

Now, let us examine the authors’ attempted proof of the 
theoretical significance of maintaining Froude similitude between 
model and prototype. Although their equations (1) to (4) and 
Figs. 1 and 2 are essentially correct, they are misleading and con- 

*R. T. Knapp, “Cavitation Seale Effect,’’ Proceedings of the 
Seventh General Meeting (1957) of The International Association for 
Hydraulic Research. 

1” W. G. Whippen and G. D. Johnson, “A High Head Cavitation 
Test Stand for Hydraulic Turbines,”’ Journal of the Hydraulics Di- 
vision, ASCE Proc. Paper 1201 
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it is cor 


nient to divide height of water 


columns by the head” but we can see neither convenience nor 


justification for dividing “elevations by the diameter of the 
the substitution for z of Z = 
.. but 


‘f introducing the Froude simili- 


runner.”’ This results mere] 


z/D, a ratio which is more conf ng than convenient. . 
does serve the authors’ purpose ¢ 
tude ratio of D/H (or H/D),. 
Figs. 1 and 2 can be redrawn to demonstrate more clearly the 
discrepancy in elevation between the reference used for H, and 
sigma and the location wher: 


cavitation first becomes critical 


8 sigma decreases) by using z as the vertical (elevation) ordinate 
in place of Z =2z/D for the authors’ horizontal ordinate. Moreover, 
this obvious discrepancy is not as significant as stated by the 
authors. For example, using the elevation of the axes of the blade 
trunnions in a Jarge Kaplan turbine as the reference elevation for 
H, results in a maximum possible “unsafe” discrepancy of only 
about 2.5 ft (instead of the 6.5 ft given by the authors for the total 
blade height) and this is less than the margin of safety applied to 
the model test results in establishing prototype operating limits. 

We trust that these comments will help to clarify the authore’ 
presentation of the Froude similitude problem. In view of the 
difficulties and uncertainties associated with Froude 
similitude testing of hydraulic turbine models, it is difficult to 
understand why the authors persist in this impractical approach 
to the cavitation preblem. 


obvious 


To our knowledge, the new Electricité 
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de France laboratory at Chatou near Paris is the only organization 
The 
high vacuum required for a low sigma value causes air to come 
out of solution even on the “high-pressure” side of the model, and 
the only way to combat this effectively is to reduce the air con- 


in the world that shares their approach to this problem 


tent almost to zero, thereby introducing potential inaccuracies of 
major magnitude in relation to the very low test heads utilized. 
Even Thoma dispensed with Froude similitude in his classic 
work, presumably because the resulting inaccuracies would have 
voided its significance. It appears that we agree with Thoma in 
this respect and also with the authors, who have pointed out the 
almost insurmountable difficulties of Froude similitude testing 
whereas prototype head tests are straightforward, accurate, and 
conservative. However, we are unable to understand the authors’ 
persistence in the face of the unreasonable difficulties involved, 
especially since there is no practical necessity for maintaining 
Froude similitude in model tests of this type of equipment 


F. Numachi'' 


The paper is very timely, for it focuses attention on a problem 
that is relatively new in the cavitation tests and offers many 
fundamental factors which are to be investigated in the future 
concerning the length and head scale for cavitation tests. 

The authors’ justification for using Froude’s similitude when 
determining the cavitation inception is based upon the following 
hypothesis: 


= f (Z only 


But it is considered that the cavitation number at inception de- 
pends also on the head H,** the cavitation nuclei grow up in the 
boundary layer'* and, consequently, the cavitation number at 
inception naturally depends upon Reynolds number.'* So it is 
desirable that the ground for assuming the relation expressed in 
J quation 5) should be ¢ xpl ined 

rhe authors’ opinion concerning the critical pressure for de- 
tenoration ol performance is also open to the same question. It 
that the deterioration of hydrofoil 
characteristics vary more or less according to the head H.™ 

Generally 


is experimentally known 
speaking, conditions for cavitation-inception and 
performance-deterioration ought to be considered to depend o1 
nolds, and Weber. But, 
since it is practically impossible to have model tests that satisfy 
all those attached t« 
Thoma coefficient 


the laws given by Thoma, Rey Froude, 


laws, it is understood that importance is 
alone. 

It is desirablo that experimental or theoretical ground should be 
represented to make the opinion acceptable that, contrary to the 
above, attaches special importance to Froude’s law alone exclud- 
ing all others. 

The authors state in their conclusion: ‘It is necessary not to gi 
below a minimum Reynolds number (let us call it as Ris, say 
and also not to use a model of too small dimension (Zpis, say), 
and to take precaution concerning the concentration (Cin, say) of 
air dissolved in the water.” But what designers of hydraulic 
machinery want to know seems to lie in the results of series- 
experiments concerning the concrete values of Rmis, Zmin, 
Cole 
1! Director, Institute of High Speed Mechanics, Téhoku University, 
Sendai, Japan. Mem. ASME. 

12 F. Numachi, “‘Effect of Static Pressure Differences on Cavitation 
Characteristics of Hydrofoil Profile (Report 2),”" Proc. of Symposium 
on Cavitation in Hydrodynamics, N. P. L., 1955, p. 17-1/14. 

133. W. Daily and V. E. Johnson, ‘“‘Turbulence and Boundary- 
Layer Effects on Cavitation Inception From Gas Nuclei,” Trans 
ASME, vol. 78, 1956, p. 1695. 

44R. W. Kermeen, J. T. McGraw, and B. R 
of Cavitation Inception and the 
Trans. ASME, vol. 77, 1955, p. 533 
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Wm. J. Rheingans®® 


The authors have presented an interesting theoretical analysis 
of scale effects on model cavitation testing. The subject of 
Froude scaling is somewhat controversial and requires further 
study. 

One method of determining the effect of a disregard of Froude 
similitude conditions on incipient cavitation, and on the point at 
which performance begins to deteriorate, would be by model 
testing. Many of the present-day model test laboratories are so 
arranged and equipped that cavitation tests can be made under 
heads varying from 10 to 100 ft or more without changing the 
dimensions of the model. 

Tests of this nature were conducted in the test laboratory 
with which the writer is connected. They showed that there was 
very little variation of the point at which performance begins to 
deteriorate as the head was varied over wide limits. This is an 
indication that Froude scaling has very little influence on this 
phenomenon. However, no observations on incipient cavitation 
were made under these conditions. 

It would not be very difficult or costly to make a careful series 
of tests to determine the actual effect of Froude scaling on the 
incipient cavitation, its location, and on the point at which per- 
formance begins to deteriorate. Such tests would go a long way 
toward settling the controversy regarding Froude scaling, which 
up to now has been based upon theoretical considerations com- 
bined with suppesitions and assumptions. 

The author is, I believe, correct in his statement that, as far as 
actual pitting damage is concerned, actual velocity and, as a 
consequence, the head under which the model is tested, is of im- 
portance. However, this also involves the type of material used 
in the mode]. It is generally accepted that a model test of this 
type is not a very satisfactory means for measuring actual pitting 
damage, where the model would have to be operated for 6 months 
to a year or even more to obtain results comparable to field per- 
formance, 


R. B. Willi*® 


Unquestionably the variation in conditions under which a pro- 
totype turbine operates, as compared to those under which a 
model test must be run, does have an effect on the pattern of 
cavitation. From a scientific standpoint the ability to evaluate 
these variables accurately represents a desirable goal. This 
paper may leave a question in many minds, however, as to the 
adequacy and dependability of present day model testing. Pri- 
marily the question resolves as to the magnitude of error intro- 
duced by variation in Froude number, air content, friction head, 
etc. Since it could not be resolved theoretically, an empirical 
approach was necessary, which involved the comparison of 
model and field performance. We cannot take the position that 
such comparisons, made with a particular laboratory, are equally 
applicable to all other laboratories operating with different model 
sizes and heads. The pooling of such information from various 
laboratories could very well establish a trend, however, that 
might in a reverse manner assist in developing the theory. 

With this thought in mind, the experience with one laboratory 
over a twenty-year period may be of interest. In all cases model 
runner throat diameter has been 11 inches. Each model, as in- 
stalled in the test flume, is homologous to the prototype including 
casing and draft tube. With such an installation, efficiency ver- 
sus horsepower and sigma tests are run off consecutively in a 
single setup. Sigma tests have been run under heads from 25 
to 60 ft on both Francis and propeller turbines. Cavitation has 


6 Assistant General Manager, Hydraulic Division, Allis-Chalmers 


Manufacturing Co., York, Pa. Mem. ASME. 
% Manager of Engineering, Eddystone Division, Baldwin-Lima- 
Hamilton Corporation, Philadelphia, Pa. Mem. ASME. 


792 / DECEMBER 1960 


been determined both by observation under stroboscopic light 
and by impairment of performance, sigma being varied by con- 
trol of the pressure level in a closed flume. Critical sigma has been 
assumed as that value where a sharp reduction in power occurs or 
the similar point in the efficiency curve if this should precede the 
power break. These have been selected as a reference in prefer- 
ence to the break in the quantity curve which frequently lacks 
the sharp definition of the other two values. No attempt has 
been made to provide a sufficiently low setting to eliminate all 
local cavitation such as might exist at the periphery of a Kaplan 
wheel when at a steep pitch, such areas being protected by stain- 
less overlay. 

In applying critical sigma to the prototype at the start, not 
having any background on the effects of the variables discussed 
in the subject paper, it was reasoned that draft tube regain 
represented a relatively small proportion of total head on medium 
to high head turbines of the Francis type. Sigmas were, there- 
fore, compared at the elevation of the bottom of the buckets, al- 
lowing a margin of 3 to 5 ft. In propeller turbines involving 
greater kinetic energy in the draft tube, additional margin was 
provided. Sigma was compared at the centerline of the blades for 
a given horsepower stepped from model to prototype rather than 
the stepped quantity. On a large turbine this would provide an 
additional margin of 5 to 6 ft over the nominal margin allowance. 
This would be made up to 3 ft in elevation from the blade center- 
line to the discharge edge and another 3 ft resulting from the 
higher efficiency of the prototype with the consequent reduction 
in quantity when producing a given stepped horsepower at which 
a measured critical sigma had been obtained on the model test. 

Some one-hundred installations and 20 years later we are in a 
reasonably good position to evaluate the adequacy of our original 
approach. Allowing, in our judgment, for variables in loading of 
the turbines, average tailwater, and such factors, we find our 
method of handling sigma on Francis turbines to be reliable and 
on propeller turbines the additional margin is evident in the local 
pitting pattern that is observed. In other words, for a given 
operating sigma, the relative area, showing local cavitation on 
the model, exceeds that on the prototype. In no case has more 
severe pitting been noted on either a Francis or propeller proto- 
type than would be indicated by model observation. Oppositely, 
those few cases, where units are operated deliberately at full gate 
and maximum head, exceeding guarantees for reasons peculiar to 
their particular installations, show appreciable pitting. 

No effect has been nvuted in critical sigma from head variations 
within the limits of the test flume. Moderate admission of fine 
air bubbles makes no change nor does the deaerating of the test 
water through days of use without replacement. Variations in 
temperature and barometer cause no scattering when resolved to 
a standard temperature, pressure, and density. We can only con- 
clude in our particular case that remaining variations, uncorrected 
for, are of a low order of magnitude. 


George F. Wislicenus'’ 


The authors have presented a valuable discussion of various 
considerations applying to model testing of large hydrodynamic 
machinery. They arrive at the conclusion that Froude’s law of 
similarity should be observed in addition to other pertinent simi- 
larity considerations, particularly those with respect to cavita- 
tion. Their reasons for this conclusion are the following: 


1 The vertical variations of the point of minimum pressure 
within the machine are a significant percentage of the total suc- 
tion head of the machine. 

2 With Froude scaling, characteristic times during which 


17 Director, Garfield Thomas Water Tunnel, Ordnance Research 
Laboratory, Pennsylvania State University, University Park, Pa. 
Fellow ASME. 
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fluid particles are in the low pressure zone change only with the 
square root of the scale ratio of linear dimensions, in contrast to 
the first power in cases where the model operates under full head 
and velocity conditions. 

3 In order to avoid interference with other scale effects such 
as Reynolds’ number effects, it is necessary to use fairly large 
model dimensions for Froude scaling, thereby minimizing prob- 
lems arising from the lack of geometric similarity between the 
prototype and the model. 


The reasons quoted before appear to be quite convincing. Yet 
there appears to exist some controversy as to whether or not 
Froude scaling for large hydrodynamic machines is really the best 
way to relate model to [ull scale performance. 

This writer cannot quite understand this controversy. Obvi- 
ously a laboratory or company is fortunate if it can build and test 
models of sufficient dimensions to permit Froude scaling without 
undue sacrifices in Reynolds number or other less definable aspects 
of similarity. At the same time, testing with smaller models is 
certainly preferable to no model testing at all. In addition, the 
laboratory with which this writer is connected has found it possi- 
ble to produce models of hydrodynamic machines which are suf- 
ficiently accurate for precision cavitation testing with runner 
diameters between six and ten inches. 

Furthermore, it seems strange that a laboratory capable of 
handling models of sufficient size for Froude scaling would not 
want to test the influence of other elements not included in 
Froude scaling by changing the head or linear velocities from 
those prescribed by Froude’s law of similarity. After all, the 
authors recognize that much is as yet unknown about the scaling 
laws for cavitation, so that an opportunity should never be missed 
to check the validity of any model cavitation test in as many ways 
as possible. 


Authors’ Closure 


Mr. David B. Benson states that a nucleus must be subjected 
to an average pressure Ap below the critical pressure for an in- 
terval of time ¢ to grow and become unstable. He assumes that 
for a given liquid and for a given size of nucleus the under-pres- 
sure Ap is proportional] to the reciprocal of time t. 

This is not in contradiction with the authors’ opinion. How- 
ever, the “under pressure” Ap is certainly very small when the 
time ¢ is large if compared with the “natural period” of the 
nucleus. 

Mr. Benson has shown that if it was wanted to reduce Ap in 
the same ratio as the head, it would be necessary to increase the 
head, according to the relation Lr»/Hr = 1, and this is generally 
not feasible. 

The authors’ opinion is that Ap is small on the prototype, and 
should be maintained as small as possible on the model, then 
being neglected; if Mr. Benson’s relation were followed, i.e., if 
Ap were enlarged in the same ratio as the head, Ap,, would be 
high while its value would be rather uncertain. 

The idea of searching for a liquid which would satisfy all the 
requirements of similitude is very attractive. 
it has not yet led to any practical applications. 

Not only the physical and thermodynamic properties should 
be adjusted, but also the “granulometry”’ of nuclei. 

Mr. G. Dugan Johnson agrees with the authors’ opinion that 
Dr. Thoma himself did not use Froude’s similarity because of the 
practical difficulties it involves and in spite of its theoretical in- 
terest. However, since the time when Thoma and others started 
with cavitation research, some practical progress has been made. 
The inherent difficulties, even if “seemingly unconquerable,’”’ 
have been conquered and the potential inaccuracies avoided. 

Mr. Johnson is of the opinion that Froude similitude should be 
disregarded completely. 


Unfortunately, 


The authors on their side do not con- 


Journal of Basic Engineering 


sider that Froude similitude has to be used in any case. For in- 
stance, when the total height of the prototype runner is rather 
small, Froude’s number can be disregarded. Mr. Johnson would 
probably agree that it is questionable to neglect the influence of 
static pressure gradient in a horizontal shaft Kaplan turbine when 
the prototype runner diameter is about 18 ft, as is the case for the 
Rance tidal plant. 

From Mr. Johnson’s experience, localized pitting occurs in pro- 
totype turbines during the first years of operations, even if they 
are operated all the time above critical ¢. This seems to be rather 
pessimistic, if compared with the authors’ experience. 

The amount of metal that will be removed by pitting in a 
given period of time could not be predicted by means of model 
tests only. On the other side, field experience may be insufficient 
when the project considered is new either from the point of view 
of hydraulic design, or size, or operating head. In those cases 
reference should be made to prototype experience as well as to 
model experience. For that purpose it may be useful to determine 
on the models not only the critical ¢ for loss of efficiency or output, 
but also the “incipient cavitation’ critical ¢ The authors’ 
opinion is that Froude’s similarity is helpful in that case, chiefly 
when the location of expected pitted areas has to be determined. 

We do not agree with Mr. Johnson’s suggestion of redrawing 
Figs. 1 and 2 with z instead of Z, since in that case the o curve 
would not be unique: There would be one such curve for each 
particular value of H/D. A more complete explanation of the 
authors’ computation is given in the answer to Professor Nu- 
machi’s discussion. 

To Mr. Johnson’s knowledge the new Electricité de France 
laboratory at Chatou is the only organization that is using 
Froude’s law of similarity. This is not true: Several European 
manufacturers have recently built new laboratories where it is 
possible to run model tests in accordance with Froude’s similarity, 
and are actually using them in that way in some cases. 

Mr. Johnson writes that it is difficult for him to understand 
why the authors persist in their impractical approach to the 
cavitation problem. As a conclusion he repeats that he is unable 
to understand the authors’ persistence in the face of the un- 
reasonable difficulties involved. We are sure that Mr. Johnson 
would have been able to understand the authors’ opinion, if they 
had insisted enough on the fact that the practical difficulties in- 
volved in Froude’s similarity have been solved for many years in 
their own laboratories, as well as in some other European ones. 
> | depend 
not only on reduced elevation but also on H, Reynolds number, 
and Weber number. We are in agreement with this opinion, 
which leads us to clarify and complete our discussion of scale 
effects in cavitation tests: 


Prof. F. Numachi points out that ¢,, and 


(a) The parameter ¢ in equation (2) can be considered as the 
“velocity pressure coefficient.’”” As a result, from dimensional 
analysis it can be considered as a function of: 

—The position of the point on the blade surface, then of the 
“reduced co-ordinates” Z (as defined in the paper) and z = r/D, 
r being the radial distance to the center line of the machine. 

—Reynolds number R. 

—Rugosity of the model. 


For given Z, R, and rugosity, there exists a value of z = r/D for 
which ¢ is a maximum (¢,,). It is practically impossible to run 
model tests with Reynolds numbers as high as they are on the 
prototype. Then the pressure field on the model is affected by 
some scale effect, as has been mentioned by the authors. As 
high as possible Reynolds numbers should be adhered to on the 
model, in order to reduce this scale effect. When comparing 
models of equal Reynolds numbers, but of different sizes, pref- 
erence should be given to the larger model, because the distortion 
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of rugosity can be less in that case. However, it can be thought 
of using “large’’ models with high testing heads (then disregarding 
Froude’s law) in order to reach the highest possible Reynolds 
number: This is discussed in the authors’ answer to Mr. Rhein- 
gans. 

(b) The critical pressure A,r depends chiefly on Weber num- 
bers, as well as on some other physical properties of the fluid. 
Weber numbers are to be expressed in terms of nuclei. Since the 
same fluid is used on both model and prototype, the critical pres- 
sure depends chiefly on the size of nuclei. As a matter of fact, 
there may exist, in natural water as well as in laboratory water, 
nuclei of different sizes. The larger ones do not result in cavita- 
tion, but in gaseous diffusion, which should as far as possible be 
avoided. The very small ones can produce actual cavitation, but 
their critical pressure is much smaller than vapor pressure. Let 
us call ‘‘mean size’’ nuclei the nuclei for which cavitation critical 
pressure is close to the value of vapor tension. Such mean size 
nuclei normally exist in both natural and laboratory water. 
There are at least two possible origins of them in laboratory 
water: 


(i) Smaller nuclei can be grown up to the required size, due to 
pressure reduction. 


ii) Gas nuclei adsorbed at solid boundaries. 


Reducing the pressure of laboratory water could then result 
in increased gaseous diffusion,"* but not in altered critical pres- 
sure for incipient cavitation, which is never far from vapor 
tension. 

Professor Numachi wishes to know the minimum Reynolds 
number, minimum dimension, and minimum air-content which 
should be recommended. 

A precise answer concerning the minimum Reynolds number 
can ‘be given for Kaplan turbines; tests have been run with 
models of 150, 300, and 500-mm runner diameter, and varying 
test’ .g heads. From the results of those tests, it appears that 
when the Reynolds number is less than about 2,500,000,** turbine 
operation becomes unstable, while efficiency, instead of varying 
slowly and progressively, drops rather suddenly with decreasing 
Reynolds number 

No such effect has been observed with Francis turbines, maybe 
because low enough Reynolds numbers have not been reached. 

Minimum size for a Kaplan model normally results from the 
teynolds condition when Froude’s similarity is to be applied. 
When Froude’s similarity is disregarded the model can be smaller 
However, it has been ob- 
served that it is very difficult to obtain accurate results from 150- 


since the testing head can be larger. 


mm diameter models; this is probably due to the influence of sur- 
face rugosity and, above all, to the influence of the clearance be- 
tween runner tip and runner ring. For the same reasons (rugosity 
and tip clearance inft:ences), the authors are of the opinion that 
the size of is should not be less than about 200-mm 
runner diametei 

With respect to the air content Cris, the authors can give the 
following information; the amount of air dissolved in water of their 
own cavitation circuits is normally reduced to about '/1 of the 
saturation content under atmospheric pressure. With such con- 
ditions gaseous diffusion is limited enough in the models, while no 
delay in cavitation is observed. It is not known whether a 


” 


smaller air content could result in reduced critical pressure, i.e 


8 This can be at least partially avoided by removing or redissolving 
the largest nuclei, as has been mentioned in the paper. 

'* Reynolds number is expressed in terms of diameter D and 
arDn 


60 


peripheral velocity V of the runner: R = (n rotational 


speed, rpm). 
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in “delayed cavitation.’”’ Anyway the critical minimum air con- 
tent must depend on many factors such as the amount of solid 
impurities and surface roughness. 

Mr. Wm. J. Rheingans’ suggestion of varying testing heads to 
study the influence of Froude’s parameter is of primary interest. 
This has been done by the authors as well as by other investi- 
gators. 

Mr. Beaufrére, an engineer of Electricité de France, has ob- 
served on a model of a horizontal shaft bulk unit that the in- 
fluence of testing head, i.e., of the Froude parameter, is quite sig- 
nificant.” Same results were obtained by the authors in their 
own laboratory; with vertical shaft machines the influence of the 
Froude parameter is small when there exists a small, localized 
zone of low pressure along the blades, 


case. 


which is sometimes the 
Anyway, to observe the influence of testing head, or of the 
Froude number, it is necessary to make it vary over a wide range 
seeing that, as can be deduced from the authors’ computations, Ocr 
does not vary with the ratio H/D when it is either very large or 
very small. 

The authors agree with Mr. Rheingans’ opinion about the in- 
The 


possible range of heads in their Grenoble Laboratory extends from 


terest of systematic tests on the influence of testing head. 


0 to 65 ft, while it is large in the Electricité de France laboratory. 
However, to run really systematic experiments it is necessary to 
test many runners of different design since, as explained pre- 
viously, these may affect very much the influence of Froude num- 
ber. 

Mr. R 
parison of laboratory results with prototype performance should 
He starts at 
once to apply this very good idea of giving an interesting ‘‘digest’’ 
The 


authors would like to mention that pooling field and laboratories 


B. Willi suggests that information concerning the com- 
be pooled in order to help in developing the theory 


of the valuable experience gained in his own laboratory. 


comparisons has been started for some years in France under the 
leadership of the “Société Hydrotechnique de France.’’ We must 
be grateful to Mr. Willi not only for his contribution, but also for 
the opportunity he gives of suggesting some exchange of experi- 
mental results between American and French specialists. In 
spite of the rather theoretical aspect of their contribution, the 
authors were thinking of such co-operation when writing the 
paper. 

Mr. George F. Wislicenus writes that 
than no model at all. 


i small model is better 
Froude simi- 

Many of the tests 
do not 
It is the case when the size of availa- 


The authors agree with him: 
larity and large models must not be a religion 
which are run in the authors’ laboratory conform to 
Froude’s law of similarity. 
ble models is not large enough, or when it is wanted to increase the 
teynolds number, or where it can be predicted that the height of 
the cavitation zone is small 
F Mr. Wislicenus, as Mr. Rheingans did, suggested that the test- 
ing head should be varied, in order to study the influence of it. 


An answer to this has already been given 


Conclusion 


The authors are very grateful to the contributors of discussions. 
It appears from these discussions that the paper was perhaps 
written in too dogmatic a manner; it has never been our opinion 
that Froude similarity would be a kind of a “panacea,”’ the use of 
which would solve all the problems involved. However, the 
Froude law seems to have been rather generally forgotten for a 
long time. 
showing that in some cases it leads to the proper way of scaling 
down the pressure field in a hydraulic machine. 


Our aim was to call attention to it again, while 


2% A thesis has been prepared by Mr. Beaufrére and will be pub- 
lished in the near future. 
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ee can be described as a hydrodynamic phe- 
nomenon which relates to the formation and collapse of vapor 
bubbles in a flowing liquid. These bubbles form in regions where 
the local pressure is reduced below the vapor pressure at that tem- 
perature; and conversely, these bubbles start to collapse as soon 
as the local pressure increases 


Objective of Study 


Additional experimental! evidence will be presented on the role 
attack in damage, with 
particular emphasis on the effects of the metal properties and the 


ibove the vapor pressure 


of corrosion accelerated cavitation 


liquid characteristics which can be correlated to field experience 


in hydraulic turbines and diesel engines. In the past, most in- 


vestigators have taken a test liquid of water at room temperature 


| his has been suitable for the isu il hydra lic turbine However, 
recent studies related to diesel engines have confirmed the need 
for testing at operating conditions of temperature and pressure, 
as proposed by References [1]? and [2]. The ASME standardized 
test as outlined in 1958 by Robinson, Holmes, and Leith [3], has 
been followed in this paper 

tamsay [4] in 1912 first suggested that cavitation erosion was 
not mechanical erosion but electrolytic corrosion occurring at the 
strain-hardened indentations where cavitation bubbles had col- 
proposed in 1926 that 
the mechanical-destruction process in cavitation was predominant 
Kerr [6] first re- 


ported in 1937 comparative results for most common metals in 


lapsed on the metal surface Fottinger [5 


and any electrochemical effects were minor 


tap water and sea water Poulter [7] reported that, when iron 


was eroded by cavitation in alcohol, particles of pure iron were 


produced, whereas in water, particles of iron hydroxide were pro- 


duced. Novotny [8] published a comprehensive report in 1942 
which gives much information on the general effects of surface 
tension, viscosity, gas content, and chemical solutions. Beeching 
[9 | reported the definite occurrence of corrosion during accelerated 
cavitation and concluded that the corrosion attack 
Evans [10 


erosion is a conjoint action of mechanical-chemical effects. 


accelerates 
the mechanical erosion suggested that cavitation 
The 
film of oxide which would ordinarily stifle the initial rapid rate of 
corrosion is continually torn off by collapsing bubbles, and the 
chemical corrosion attack continues at the initial rapid rate in- 
stead of decreasing. Thus cavitation erosion is mechanical in the 

! This paper is based on the PhD thesis of W. C. Leith, to be sub- 
mitted to McGill University, in 1960. The experimental work was 
conducted at Dominion Engineering Works under the guidance of 
Dr. H. 8. Van Patter, vice-president. 

? Numbers in brackets designate References at end of paper. 

Contributed by the Cavitation Subcommittee of the Hydraulic 
Division and presented at the Annual Meeting, Atlantic City, N. J., 
November 29-December 4, 1959, of Tue American Society oF 
MECHANICAL ENGINEERS 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, July 
2, 1959. ASME Paper No. 59—A-52 
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Some Corrosion Effects in 
Accelerated Cavitation Damage 


The conjoint mechanical-chemical destruction of metals by accelerated cavitation in a 
magnetostriction apparatus indicates relative effects of the metal properties (hardness, 
metallurgical structure, corrosion-fatigue limit) and of the liquid characteristics (tem- 
perature, pressure, wettability) which have been confirmed by field experience in hy- 
draulic turbines and in water-cooled diesel cylinder liners 


sense that oxidized material is being continually torn away but 
Frenkel 
[11] first suggested that the gases present in cavitation bubbles 


chemical in the sense that oxide continually re-forms. 


can have a chemical influence on the deformed metal after a col- 
[12] has 


proposed that cavitation erosion was an electrolytic action result- 


lapsing bubble has indented the metal surface. Krenn 
ing from temperature gradients or flow of heat between metal 
parts submerged in an electrolyte. Various test liquids such as 
alkalis, acids, and oils were reported by Rheingans [13]. 

The formation of reactive unstable ions due to the dissociation 
of water by cavitation was proposed by Weyl and Marboe [14), 
and the formation of reactive free radicals at the instant of bubble 
collapse was proposed by Taylor [15] The separation of e 
eroded and corroded materials in an accelerated cavitation test 
was reported by Wheeler [16], who concluded that the weight 
loss due to the chemical attack is numerically additive to the 


weight loss due to accelerated cavitation 


Accelerated Cavitation Apparatus 


A schematic diagram of the magnetostriction apparatus for 
for details 
The bubble pattern on the vibrating test but- 
ton is shown in Fig 2, which is a Fastax photo taken at 8000 


producing accelerated cavitation is shown in Fig. 1, 


see Reference [3] 


frames per second. The star -shaped pattern ol bubble formation 
confirms the presence of radial vibrations of the test button in 
addition to the forced resonant longitudinal vibrations of the 
nickel tube. The magnetostriction machine consists of a high- 
frequency oscillator which produces a resonant longitudinal 
vibration of a nickel tube by subjecting it to an alternating mag- 
netic field. The nickel tube vibrates at 6500 cps and the test 
button has a total amplitude of 0.0034 in., peak to peak. The 
high-speed photographs were taken with a pyrex liquid con- 
tainer, but the diesel-engine tests had to be run in a stainless-steel 
pot of standard dimensions which could be pressurized safely 


Intensity of Cavitation Attack 


Cavitation inception under measurable and reproducible con- 
ditions suitable for observation has been studied most successfully 
by Knapp [17], who correlated the measured history of an actual 
vapor bubble to the classical analysis of Rayleigh [18]. The col- 
lapse of a spherical bubble in an incompressible liquid was con- 
sidered, assuming isothermal compression and neglecting viscosity 
and surface tension. The excellent agreement of the experimental 
results with the theoretical postulates confirmed that the kinetic 
energy of bubble collapse was absorbed elastically in the water 
and given back largely undiminished in the rebound effects. The 
intensity of cavitation attack at various flow velocities has been 
reported by Knapp [19]. Fig. 3 illustrates that the vibration 
amplitude in this study has an effect similar to flow velocity, 
since both vibration amplitude and flow velocity show a threshold 
value for the metal resistance, below which no metal is removed 
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despite some plastic deformation, but above which the rate of 
metal removal increases rapidly with increased cavitation inten- 
sity. 


Effect of Metal Properties 


Many attempts have been made to correlate the resistance of a 
metal to cavitation erosion with some physical property such as 
tensile strength. One of the most useful results, which applies 
only to rolled metals, is the determination of the incubation 
period or the time interval at the beginning of each test: during 
which considerable plastic deformation of the test surface takes 
place without any apparent loss of weight. Fig. 4 suggests that 
the incubation time for rolled metals is proportional to the cor- 
rosion-fatigue limit, and therefore, that the incubation time can 
be converted into the number of cycles of accelerated cavitation 
attack necessary to develop corrosion fatigue in the central pitted 
area of the test button 

For a homogeneous metallike rolled stainless Type 420 and for 
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similar types of bronzes, the weight loss is inversely proportional 
to the hardness, as shown in Fig. 5. It is well-known that ferritic 
metals have inferior mechanical properties, and Figs. 6 and 7 
confirm their low resistance to cavitation damage, both for car- 
bon and stainless steels. 


Cathodic Protection and Cavitation in Tap Water 


It was found that the weight loss of cast steel as a result of 
erosion by cavitation is greater in tap water than in distilled 
water, as shown in Fig. 8, and cathodic protection increases slightly 
the incubation time and decreases slightly the weight loss. How- 
ever, an increase in the impressed current up to 0.060 amp did 
not increase the protection. These results agree with Petracchi 
[20] that, at small cavitation intensities, cathodic protection can 
suppress cavitation erosion. Electrolytic anodic corrosion applied 
in addition to accelerated cavitation eliminates the incubation 
period and increases the weight loss, as has been reported by 
Wheeler [16], who studied ferrous materials in chloride solutions. 


“ 








TEST BUTTON 
v8" SUBMERSION 


Accelerated cavitation apparatus 


Transactions of the ASME 





SPEED’ 8000 FRAMES PER SECOND 
AMPUTUDE: .0034 INCH 
TEMPERATURE: 76°F 


Fig. 2 Bubble pattern on vibrating tes! button 


INTENSITY OF CAVITATION 
AT VARIOUS FLOW VELOCITIES 
PITS BY KNAPP 
PER SECOND IN COLORADO RIVER WATER 
PER 20 + - 
SQUARE INCH 





20 40 





FLOW VELOCITY ~ FEET PER SECOND 





neo INTENSITY OF ACCELERATED ae! 


T = TIME IN MINUTES 
werent Loss | CAVITATION ar various 


: : 20,000+-> ——— ROLLED METAS 
IN GRAMS VIBRATION AMPLITUDES BY LEITH | 


1040 + 30,000+-+—+ | 
AFTER IN DISTILLED WATER AT 76" 





YELLOW BRASS 


2 HOURS + 40,0004 ) mivo steer 
y —% 


020 i $0,000}-+-+-+-+4 3 


STAINLESS STEEL TYPE 410 
COO Sarees tae ) STAINLESS STEEL TYPE 302 
i PS! (AFTER 10’ CYCLES) 

——— — 7 

.001 02 <003 SEE CORROSION HANDBOOK 


VIBRATION AMPUTUDE 
INCHES TEST LIQUID - DISTILLED WATER AT 76°F 


a aS 








Fig. 3 Flow velocity and vibration amplitude Fig. 4 Effect of corrosion-fatigue limit 


Journal of Basic Engineering pecember 1960 / 197 





ROLLED STAINLESS STEELS 


CAST RED BRONZE |O — eee 


140 : 





MARTENSITIC 








ma 
TEST LIQUID @ TYPE 302 AUSTENITIC 


OISTULLED WATER AT 76°F TEST LIQUID - DISTILLED WATER AT 76°F. 
ah : 


LOSS 























CAST ADMIRALTY BRONZE 
GRAMS 





e ! oO  @] » Se 
WEIGHT LOSS 
INGRaMS | 











DUCTILE IRON 


AFTER 2 HOURS 


.080 +- \ 
¥ 
\ 

















2 CAST STEEL 

















+040 TYPE 420 


CAST BRONZE PMG 80: 








i LED STAINLESS 



































+020 ~ 


CAST ALUMINUM BRONZE > a" 
| TIME IN MINUTES 





























oe 
° 100 200 300 


BRINELL HARDNESS 


Fig. 7 Effect of metallurgical structure of stainless steels 


Fig. 5 Effect of metal hardness 


FERRITE 100% 


FERRITE 50% 
ROLLED STEEL PEARLITE 50% 





1 AMPS CORR 1ON 
ROLLED STEEL PEARLITE 100% 100 4 ee ee eee — 
fe ae = 
2) MONTREAL TAP WATER 
4 


DISTILLED WATER T 


‘ ' 


3 
WEIGHT LOSS 4 TAP WATER WITH .O10 AMPS CATHODIC PROTECTION 


IN | GRAMS 060 
.060+ ? ian cn Te a Se 
° WEIGHT/ LOSS 


IN | GRAMS 
-040 


























as T 


30 60 TIME IN MINUTES 
TIME IN MINUTES 
TEST LIQUID - DISTILLED WATER AT 76°F WATER TEMP. 76°F 


Fig. 6 Effect of metallurgical structure of carbon steels Fig. 8 Corrosion and cavitation in tap water 


Transactions of the ASME 


798 / DECEMBER 1960 





NO CURRENT 


O32 AMPS CATHODIC PROTECTION 


190 AMPS 
360 AMPS 


| } 500 AMPS 
100 +-—_—___— — 
WEIGHT | LOSS 


| GRAMS 





WATER TEMP. 76°F 


~ HALIFAX SEA WATER SUPPLIED 
060 +——BY NAVAL LAB. 





lL 
| et 
46 








| | et 





+ 
90 120 


60 
TIME IN MINUTES 


Fig.9 Corrosion and cavitation in sea water 


Cathodic Protection and Cavitation in Sea Water 


The suppression of accelerated cavitation effects of cast steel in 
sea water by cathodic protection has caused some investigators to 
conclude that cavitation attack is of an electrochemical nature 
However, Fig. 9 shows that the current density necessary to pro- 
3 amp per sq in., which puts 
the equipment into a hydrogen-generator category 


tect cast steel in sea water is about 


It is felt that the suppression of cavitation effects is due mainly 
to the formation of hydrogen bubbles cushioning the cavitation- 
bubble collapses. This cushioning effect of hydrogen bubbles 
may be compared to the cushioning effect of injected air in hy- 
draulie turbines 


Effect of Temperature 


Cavitation problems in diesel engines are concerned with water- 
cooled cylinder liners and the oil-lubricated crankpin bearings, 
where the operating temperature is about 170 F in both cases. 
However, Fig. 10 shows that, for the water-cooling system, the 
maximum weight loss occurs at about 120 F while for the lubri- 
cating oil, the weight loss increases sharply above 200 F. Thus, 
laboratory tests must be made at the operating temperature so 
that the results will be applicable for specific examples. The 
effect of the liquid temperature should be related to the test pres- 
sure, since the vapor pressure increases with higher temperatures 
while the viscosity and the surface tension decrease. 


Effect of Pressure 


The modern diesel engine suitable for a mainline locomotive 
has a water-cooling system which is designed to operate at in- 
creased but stabilized cavitation levels. Diesel engines operating 
in the Rocky Mountains were among the first to report severe 
cavitation damage at the cylinder liners and the nozzle tubes. 
Laboratory tests showed that a reduction of pressure from 10 to 
5 psig can nearly double the cavitation damage, as shown in Fig 
11. A pressure-relief valve now maintains the back pressure in 
all engines at 20 psig where the cavitation damage is nominal, and 
the useful life of these cylinder liners depends on the usual wear 
of the bore. 
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Fig. 10 Effect of liquid temperature 


Effect of Chemical Additives 


Stationary diesel engines operating in areas with hard water 
have presented several cavitation problems which are illustrated 
in Fig. 12. Chromate-type additives at 2000 ppm have proven 
satisfactory, but diesel operators often increase the chromate con- 
centration to 5000 or 8000 ppm, in the belief that increased 
field 
results confirm laboratory data that the chromate concentration 
should be maintained at 1500 to 2000 parts, since additional 
chromate above this level will increase the cavitation damage 
A new chemical additive Naleo D-1595 shows a better character- 
istic than the chromate, in that the concentration is not nearly so 
critical. 


concentration gives increased protection. Nevertheless, 


Effect of Nitrogen Atmosphere 


An inert gas such as nitrogen was considered as a possible 
atmosphere above water, which might reduce any chemical cor- 
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rosion attack and thus decrease the cavitation damage. A nitro- 
gen atmosphere above water decreases the maximum cavitation- 
damage level by about half that for air near atmospheric pressure 
as shown in Fig. 13. However, below 10 psia and above 20 psia, 
the weight loss was slightly greater in nitrogen than in air. 


Validity of Accelerated Cavitation Tests 


The magnetostriction apparatus has provided means for a 
rapid evaluation of a metals resistance and a comparative scale 
for selecting more resistant alloys for severe cavitation conditions 
in hydraulic turbines as illustrated in Fig. 14. The validity of 


Fig. 14 Cavitated hydraulic 
turbine runner 
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accelerated cavitation tests of 2-hr duration has been questioned 
by Speller and LaQue [21], as regards cavitated diesel liners such 
as shown in Fig. 15, since their tests at 76 F did not show the 
beneficial effects of (a) chemical additives, or (b) austenitic 
cast iron, that have been observed in the field. However, acceler- 
ated cavitation tests at the operating conditions of 170 F and 20 
psig have confirmed the optimum concentration of chemical 
additives shown in Fig. 12. The advantage of austenitic cast iron 
at 356 Bhn compared to ferritic iron at 162 Bhn is shown in Fig. 
16; and Fig. 17 confirms field experience that Ni-resist cast iron 
at 145 Bhn is superior to the typical liner iron at 180 Bhn. 
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Conclusions 


The indicated relative 
effects of metal properties (corrosion-fatigue limit, hardness, and 
metallurgical structure) and of the liquid characteristics (tem- 
perature, pressure, and wettability) which have been confirmed 
by field experience in hydraulic turbines and diesel engines. 

The ASME standardized test is applicable to hydraulic tur- 
bines, but the operating conditions of 170 F and 20 psig are im- 
portant for tests simulating the water-cooling system in a diesel 
engine 


accelerated cavitation machine has 
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companies corrosion to a significant degree and u corrosion re- 
sistance factor must be taken into account in the selection of 
material which can withstand cavitational damage 

This work also permits one to suggest that experiments carried 
out with accelerated methods on a magnetostriction apparatus 
with correct methods (methodology) can furnish hopeful data for 
the selection of cavitation resistance materials 

Of special interest are the experiments in which the investiga- 
tion shows the influence of cathodic protection, the influence of 
gas medium on surface liquid, and the influence temperature 
and pressure in the liquid. 

The results of these experiments, apparently, succeeded in ex- 
plaining the influence of corrosion factors and the pressure change 
of vapor formation. It is fully possible that, in 
stances, the quantity of gases dispersed in the fluid plays an im- 
portant role, and this influence must be connected with the 
magnitude of pressure of vapor formation 


these cirecum- 


Experiments in this 
direction ought to show to advantage the effect of the medium 
on the surface of both inert and also active gases, particularly of 
those which are well dispersed in the liquid. Perhaps, in this 
way it will be possible to find the inert gas, whose dispersal in a 
liquid-cooled diesel system reduces the cavitational damage 

Unfortunately, there is no detailed information about cor- 
relation between cavitation damage on the 
apparatus and in the actual hydroturbine. It is possible that 


the same presentation of conditions of damage in the actual state 


magnetostriction 


and on the magnetostriction apparatus would provide the method 
for repeating the experiment, and would permit certain new 
physical factors, acting on cavitation damage, to be shown. 


J. 1. Bregman® 


Congratulations are due to the authors for the clear concise 
manner in which they have presented their data. This paper 
can be considered to make a significant contribution to the litera- 
ture concerning the relationship of corrosion and cavitation 
erosion. 

The relationship of chemical corrosion and cavitation erosion 
isa complex one. It is generally agreed that cavitation erosion is 
a mechanical effect. As a result of the erosion, the 


metal surface is left quite susceptible to corrosion. There are 


however, 
many possible reasons for this. Those most regularly cited are 
that stresses and weak points are set up at the metal surface 
while the protective oxide film (in the case of iron) is ineffective 
since it is constantly being removed. The resulting corrosion 
further weakens the metal and makes it even more susceptible 
to cavitation erosion, thus setting up a corrosion-erosion cycle 

The ideal role of a corrosion inhibitor in a system subject to 
cavitation erosion would appear to be that of minimizing the 
contribution of chemical corrosion to the erosion and also of in- 
terfering with the erosive action of the collapse of large bubbles. 
The new inhibitor mentioned in this paper, Nalco D-1595, is a 
mixture of organic materials and is believed to function in a two- 
fold manner: (a) It reduces the surface tension of the liquid. 
This results in a reduction in cavitation erosion probably due to a 
combination of several mechanisms, one of which being that more 
and smaller bubbles will be formed due to the lower energy re- 
quired for nucleation with reduced surface tension. (6b) The 
inhibitor protects by means of tough organic film formation 
This means that it is relatively easy to keep the protective film 
in good repair after it has been formed initially. It might also be 
postulated that the resilient nature of the film might ‘“‘cushion”’ 
the attack on the surface from the shock waves due to the collapse 
of the bubbles. 


‘’ Supervisor, Physical Chemistry Research, Armour 
Foundation of Illinois Institute of Technology, Chicago, Il. 
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J. M. Hobbs® 


This paper proved not only interesting, but also gratifying, as 
a number of the observations are in agreement with some made at 
Manchester University using a drop-impact test. This, and re- 
lated work, is described in an article under the joint authorship 
of Mathieson and Hobbs.’ 

In this the specimens were subjected to a succession of prac- 
tically uniform impacts with the working fluid, and hence the 
effect of time and impact velocity on the damage produced could 

* Scientific Officer, Fluids Division, National Engineering Labora- 
tory, East Kilbride, Scotland 

7 “Cavitation Erosion 
189, 1960, pp, 136-137. 
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be investigated meaningfully. The specimens were not immersed 
in the working fluid as in other forms of test, but although the 
stress pattern was different from that due to true cavitation, 
similar effects were obtained 

As in the vibratory test, a period of time elapsed before any 
material was removed. This was found to increase with speed, 
as did also the rate of erosion when once begun (Fig. 18 It was 
generally observed that harder materials of high tensile strength 
were the more resistant to damage 


exception \ 


but this was by no means 


without correlation of the “‘incubation period 
with the endurance limit showed a distinct relation, although it 
was only possible for a range of several aluminum alloys (Fig. 19 

An investigation into the effect of the chemical nature of the 


With a 


ior ¢ xample, a weight loss 


test fluid gave rise to some quits spectacular results 
strong solution of potassium carbonate 
1used by 


density effects indicated an 


of over threes 


tions based on a 


times that « 


water was obtained. Estima- 


study ol Increase 


of only 70 per cent Fig. 20 shows typical results 


lution of similar composition 


Experiments carried out using a s 
to that of sea water gave differing results according to the material 
inder test In general it was found that the rate of erosion of 
ferrous materials increased and the onset was hastened, but little 
measurable change was detected with bronzes 

Admittedly much of the work described only serves to indicate 
possible lines of further and more detailed investigation, some of 
which are, in fact, being followed at NEL by the discusser. How- 
ever, it is encouraging to find that consistent results are obtained 
in somewhat different approaches to the solution of fundamentally 
the same problem 


F. L. LaQue® 


The authors have provided in this paper a useful review of data 
developed by many investigators of cavitation phenomena and 
of the extent to which corrosion may contribute to total damage. 
The results of their own experiments have served very well to 
facilitate the interpretation of data provided by many of the 
earlier investigations. 

While such accumulations of data have extended our knowledge 
of cavitation erosion and have served as useful guides to prac- 


* Vice President and Manager, Development & Research Division, 
The International Nicke! Company, Inc., New York, N. Y. 
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tical steps to overcome difficulties in this area, we still lack a 
really satisfactory method for appraising resistance to cavitation 
damage. The most favored tests involving cavitation induced by 
high frequency vibrations tend still to be very drastic with respect 
to the mechanical forces as compared with the corrosive effects. 
Consequently, the results of such tests tend to reflect an ability to 
withstand mechanical damage to a greater extent than resistance 
to corrosion. As pointed out by the authors, the latter aspect of 
the matter is improved by carrying out tests under conditions of 
temperature and pressure approximating those of the practical 
application of interest. Nevertheless, a demonstration of im- 
provement by reduction of corrosion remains difficult. The 
efficacy of chromate inhibition in controlling cavitation-erosion of 
diesel cylinder liners suggests that corrosion must play a large 
part in this damage. Therefore, a test used to compare materials 
for this service should be able to indicate an improvement 
achieved by increasing the corrosion resistance of the liner ma- 
terial. It is somewhat disappointing, therefore, to note from the 
data covered by Fig. 17 that an increase in hardness of cast iron 
from 180 to 220 Bhn was more effective than the change in corro- 
sion resistance from that of cast iron to that of Ni-Resist cast 
iron. It would appear also from a comparison of Fig. 17 with Fig. 
12 that the problem of cavitation erosion of cylinder liners might 
be solved about as readily by increasing the hardness of the liner 
material, as by the use of an appropriate inhibitor. 
experience has shown that this is not the case. 

It is hoped, therefore, that those concerned with the study of 
resistance to cavitation erosion will continue their efforts to de- 
velop a more reliable means of appraising this quality of material, 
and especially one that will more readily reflect the advantages 
of reducing the corrosion factor in the over-all result. 

The authors’ conclusion, that the hydrogen bubbles released on 
surfaces made strongly cathodic by applied currents play a princi- 
pal role in the reduction of cavitation erosion by cathodic pro- 
tection, is supported by results of recent investigations by Dr. 
M. S. Plesset at the California Institute of Technology to be 
dealt with in more detail directly by him on the occasion of the 
presentation of this paper. 

The point raised by reference to an earlier paper by this author 
with Dr. F. N. Speller has already been dealt with here. With 
further reference to this earlier paper, the author cannot resist 
expressing his satisfaction with the acceptance now accorded his 
original suggestion that deterioration of diesel engine cylinder 
liners is often the result of cavitation erosion. At the time of 
presentation of the 1950 paper, this explanation of what was 
happening was considered by some engineers as being too far 
fetched to be acceptable. 


Practical 


J. Z. Lichtman® 


The authors have made a valuable contribution to the under- 
standing of erosion of metals in cavitating fluids. In addition to 
the importance of establishing relationships between numerous 
experimental factors and the degree of metallic erosion, this paper 
is valuable also because it recognizes and is concerned with the 
importance of simulating actual service conditions in evaluating 
the resistance of a material to erosion. 

In regard to the studies of the effects of inhibited coolants at 
elevated temperatures and pressures in controlling erosion of the 
outer walls of diesel cylinder liners the writer suggests that further 
experiments be carried out at metal temperatures up to 400 F and 
mean coolant temperatures of 170 F. Although the mean coolant 
temperature may be only 170 F, liner temperatures on the water 
side may be at the higher temperature in some areas [22]. The 


* Supervisory Technologist, Materials Development Branch, Naval 
Material Laboratory, New York Naval Shipyard, Brooklyn, N. Y. 
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coolant temperature adjacent to the cylinder liner would be lower 
than the outer liner temperature but probably higher than the 
mean coolant temperature. It is suggested that these experiments 
be made at a range of vibration amplitudes to determine the rela- 
tive significance of corrosion alone and the increased effect of 
cavitation turbulence and erosion as the vibration amplitude is in- 
creased. These proposed experiments may provide information 
as to the erosion rates of liner materials under conditions more 
closely approximating actual operating conditions. Liner damage 
may be predominantly electrochemical and stress corrosion at the 
high temperature; mechanical cavitation erosion may con- 
tribute to only a minor degree as shown by the pressure and tem- 
perature relationships of Figs. 10 and 11. This would also ac- 
count for the effectiveness of inhibitors in service and the general 
lack of effect of inhibitors in the magnetostriction tests made by 
Speller and LaQue [23]. Although they observed a decrease in 
erosion with increase in inhibitor concentration for heat-treated 
nickel chrome cast iron, no significant effect was shown by an 
‘‘as-cast’”’ nickel chrome cast iron or three Ni-Resist alloys. Also, 
the cylinder liner damage illustrated by the authors and by 
Speller and LaQue (Figs. 1, 2, and 3) shows widely scattered 
pitting and undercutting resembling corrosion damage in contrast 
to the continuous nature of cavitation erosion as shown by mag- 
netostriction and rotating disk specimens [23, 24]. 

The nature of the erosion mechanism in a cavitating fluid is 
shown to be a complex one being dependent on inherent material 
and environmental factors. Also, the relative significance of 
electrochemical or mechanical mechanisms is apparently depend- 
ent on the level of impact stress on a surface caused by the cavita- 
tion cloud collapse as discussed by Godfrey [25] and the writer 
and co-authors [24]. 

At low levels of impact stress the electrochemical corrosion 
mechanisms would predominate while at higher impact stress 
levels the mechanical fatigue processes would tend to predominate. 
It is important, therefore, that accelerated erosion studies be 
made under environmental conditions which do not distort the 
significance of the physical and chemical properties of a material 
as related to its normal operating conditions. 
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M. S. Plesset"? 


The authors have ascribed the star-shaped bubble pattern to 
the presence of radial vibrations of the test specimen. In the 
experiments which I have reported, the star-shaped pattern did 
not appear to have this origin. My observations showed that 
this pattern was not connected with the diameter or thickness of 
the specimen. I also found a random element in the number of 
rays in the star pattern. It must be admitted that the apparatus 
used by Leith and Thompson is different from mine so that their 
interpretation of the mechanism of the star formation may be 
correct. This point is of some importance since these star bubble 
patterns are associated with lines of deep erosion of the test 
specimen. My experience has been that the formation of uneven 
cavitation damage is a source of inaccuracy in damage data. 


Such damage patterns make reproducible data difficult to ob- 
tain. 


11 Professor of Applied Mechanics, California Institute of Tech- 
nology, Pasadena, Calif. Mem. ASME, 
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In the authors’ discussion of the effect of metal properties they 
attach significance to the so-called incubation time. This time 
is considered by the authors to be a period during which there is 
no loss of weight. I believe that it is incorrect to describe the 
‘incubation period’ as a period in which there is no loss of weight. 
In our experiments we observe a weight loss immediately follow- 
ing exposure to cavitation. The initial rate of weight loss is less 
than that found after some exposure. The small initial rate in- 
creases with exposure until a characteristic constant rate is ob- 
tained. The smaller initial rates of weight loss require greater 
accuracy for their observation. When the characteristic con- 
stant rate of weight loss is obtained, further damage can eventu- 
ally lead again to a nonlinear region of weight loss. This excessive 
damage is often a cause of inaccuracy in measurements. 

A question may be raised regarding the data presented on 
cathodic protection. Fig. 8 of the paper shows a greater weight 
The 
authors do not state whether these weight losses for the anodic 
case were corrected for loss of material due to anodic current flow 
alone. 
less. 


loss when anodic currents were applied to the specimen. 


Unless such a correction is made this curve is meaning- 
In their consideration of temperature effects on cavitation 
damage the authors have found a result which has already been 
reported by A. 8. Bebchuk."* It appears further in the authors’ 
consideration of temperature and pressure effects that the authors 
have attempted to consider these separately. From a funda- 
mental point of view this approach is very likely not possible. 
There is certainly an important effect in cavitation damage of 
the amount of dissolved gas, and this amount is related both to 
temperature and pressure 


V. Salemann'? 


The authors, judging by the title of the paper, attributed the 
difference of cavitation damage in, for example, distilled water 
and tap water largely to chemical effects. They do stress the 
necessity of repeating the pressure and temperature conditions of 
the liquid as found in the application. Since the threshold sound 
pressure and the type of cavitation (gaseous versus vaporous) 
depend on air content and bubble-size distribution, it may well be 
expected that such factors may also influence mechanical damage. 
According to Strasberg,'* the threshold pressure of tap water 
increases from 1'/; to 2'/; atm if it is allowed to stand for several 
days after being drawn. In both cases the water was slightly 
supersaturated with air and the same absolute air content was 
measured. Just as there is a hysteresis effect on the threshold 
pressure when the static pressure is varied, there may be a 
hysteresis in damage produced, such that the results shown in 
Figs. 11 and 13 may depend on direction of pressure variation. 

It is interesting to speculate on the reasons why, in Fig. 11, the 
weight loss approaches zero at —5 psig, and in Fig. 10, drops 
sharply after 120 F. What is the reason for the maximum of ap- 
proximately 1 psig on Fig. 11? Is it possible to correlate this 
maximum weight loss with the maximum on Fig. 10, which occurs 
at a different pressure and temperature? 

Fig. 11 shows that operating at —5 psig is more effective in re- 
ducing damage than operating at 20 psig. Is this so because of 
the low absolute pressure per se or because air content was re- 
duced by applying vacuum? Did the weight loss on Fig. 10 also 
go down due to air being driven off? 

The intensity of magnetostrictive pressure field depends on fre- 
quency and amplitude. It is conceivable that the maxima and 


12 Soviel Physice— Acoustica, vol. 3, 1957, p. 97, and vol. 3, 1957, p. 
395. 

13 Research Engineer, Worthington Corporation, Research and 
Development Section, Harrison, N. J. Assoc. Mem. ASME. 

“4M. Strasberg, “The Onset of Ultrasonic Cavitation in Tap 
Water,”’ The Catholic University of America Press, 1956. 
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minima exhibited by Figs. 10 and 11 will also shift with fre- 
quency and amplitude. Thus, maximum damage to a cylinder 
liner may occur at different pressures and temperature. While 
on the subject of cy nder liners, this discusser would expect the 
water temperature at the surface of the liner to be above the 
average cooling system temperature which seems to be 170 F. 
Thus, tests should be conducted at a higher temperature. 


Authors’ Closure 


The authors appreciate the thoughtful contributions of the dis- 
cussers and are gratified at the agreement on this rather contro- 
versial subject. Accelerated cavitation test results have shown 
good correlation with field experience in hydraulic turbines, as 
reported at the ASME 1956 Cavitation Symposium. The authors 
apologize to Mr. Beloborodov for the omission of this reference. 

The ideal role of a corrosion inhibitor in water cooling systems 
has been explained very clearly by Dr. Bregman. The authors 
appreciate this contribution. 

The authors gratefully acknowledge the drop-impact test data 
presented by Dr. Hobbs confirming the correlation between the 
incubation period and the corrosion-fatigue limit, as shown in 
Fig. 4. 

The magnetostriction test may emphasize the mechanical rather 
than the chemical action of cavitation attack, as suggested by Mr. 
LaQue, but laboratory tests at the operating conditions have 
evaluated chemical additives whose relative effects have been con- 
firmed by field experience in many diesel engines. Our experience 
indicates that an increase in hardness improves the cavitation 
resistance at a reasonable cost, while a more corrosion-resistant 
liner of Ni-resist iron is too expensive for our customers. 
tion attack becomes more pronounced in older engines. 
liners and chemical additives are helpful. 

The pioneer work of Speller and LaQue, who identified the 
deterioration of diese) cylinder liners as cavitation damage, should 
have been acknowledged more fully, but the authors suggest that 
the operating conditions of 170 deg F and 20 psig are very impor- 
tant for related laboratory tests. 


Cavita- 
Harder 


The authors agree with Mr. Lichtman that a metal temperature 
of 400 F would be more realistic. Further tests .re contemplated 
with various vibration amplitudes. 

Dr. Plesset’s discussion emphasizes the divergence of opinion 
that exists between investigators who study different aspects of 
the same phenomenon. His most recent paper describes a 
novel experimental procedure to study the effect of cathodic pro- 
tection in cavitation damage. 

Dr. Plesset’s apparatus has a solid exponential horn transducer 
operating at a frequency of 14,200 cps with an amplitude of 
0.0020 in., while the standardized ASME apparatus has a nickel 
tube transducer operating at a frequency of 6,500 cps with an 
amplitude of 0.0034 in. It would be interesting if Dr. Plesset 
could correlate his test results to the standardized ASME test. 

Dr. Plesset has proposed that a rimmed test button will elimi- 
nate the star-shaped damage pattern by reducing the radial flow. 
Following this proposal, standard flat buttons and rimmed buttons 
of rolled aluminum with the same surface roughness were tested. 
The Plesset rimmed button has a similar damage pattern to that 
shown in Fig. 21, but the total weight loss for a rimmed button is 
about 10 per cent less than for a flat button, as shown in Fig. 22. 
These buttons were tested with the ASME standard procedure, 
and the weight loss curves are definitely in the characteristic 
linear region, where accuracy and reproducibility are easily at- 
tained. It is suggested that the modulus of elasticity of the test 
button may have some influence on the damage pattern, since a 
soft metal with a low modulus, such as cast aluminum, shows a 
distinct star-shaped damage pattern, while a harder metal with 


% Published in this issue, pp. 808-820. 
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ASME standard flat button (rolled aluminum) 


Plesset rimmed button (rolled aluminum) 


Fig. 21 Effect of a Plesset rimmed button 
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Fig. 22 Characteristic weight loss curves (rolled aluminum 6068-0) 


CAST ALUMINUM BRONZE 


MODULUS E= 22 x IC’ PSI 


Fig. 23 Effect of modulus of elasticity 


t higher modulus, such as cast aluminum bronze, shows a more 
uniform damage pattern as shown in Fig. 23. 

As stated on page 796 in the paper, the incubation period is found 
for rolled metals only. The surface roughness for standard but- 
It is encouraging to note that Fig. 


29 in Dr. Plesset’s paper’ shows an incubation period for stain- 


tons is about 3 microinches. 


less 17/7 steel. 

The larger weight loss with an anodic current as shown in Fig. 
8 has been corrected for the static corrosion loss, and these data 
agree with the published works of Beeching. 

The general effects of temperature were reported first by Kerr 
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in 1937, but Fig. 10 refers to the specific case of a diesel engine 
The separate curves of temperature and pressure may not satisfy 
Dr. Plesset’s fundamental point of view, but they can be adjusted 
separately, both in the laboratory and the engine, to show the de- 
sired relative effects. 

A cavitation parameter of water for temperature has been es- 
tablished empirically which combines the effects of vapor pres- 
sure, viscosity, and surface tension, as shown in Fig. 24. This 
cavitation parameter is extremely useful for cavitation problems 
in water cooling systems. 

The literature on cavitation contains many conflicting observa- 
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Fig. 24 Cavitation parameter KT of water for temperature 


tions on the effects of dissolved air 


tant effect 


It certainly has an impor 
However, a complete series of temperature and pres- 
sure curves show relative effects, which include the amount of 
dissolved air. 

rhe authors agree with Mr. Salemann that the 


ASMI 


air content is 


important, but the standardized procedure specifies a pre- 
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Fig. 25 Effect of copper ions on cavitation erosion of rolled aluminum 
75.8 


test boiling, which should stabilize the air content. The maxi- 


mum weight loss with temperature may be connected with a 


critical sumber and size of cavitation bubbles, as suggested in 


Fig. 24. We expect to investigate the effects of frequency and 
vibration amplitude on the maxima exhibited by Figs. 10 and 11 

The cnemieal effects related to cavitation attack are illustrated 
conclusively by Fig. 25, which indicates the increase of cavitation 


damage on rolled aluminum 75.5 in the presence of copper ions. 
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On Cathodic Protection 
in Cavitation Damage 


An experimental procedure has been developed which makes possible accurate and re- 
producible determinations of cavitation damage. This procedure has been applied 
to a study of the effect of cathodic currents on cavitation damage. A series of experi- 
ments, in which the test liquid was a solution of salt in water, showed a reduction in 
cavitation weight loss for all of the materials examined when the test specimen was made 
the cathode of an electrolytic cell and when the conditions were such that gas was evolved 
at the specimen surface. This protective effect against cavitation damage increased 
with increasing magnitude of the cathodic current. These observations support the 
view that the protective effect was due to the layer of hydrogen gas evolved on the surface 
of the specimen. A similar protective effect was observed when the specimen was made 
the anode in a test liquid which was buffered distilled water; in this situation the gas 
evolved at the specimen surface is oxygen. Additional evidence for this protective 
mechanism of a gas layer on the specimen surface was found ina series of experiments 
in which the voltage applied to the cell was reduced to a level at which no gas was evolved 


M. S. PLESSET 


Professor of Applied Mechanics, 
California Institute of Technology, 
Pasadena, Calif. Mem. ASME 


on the surface. 


Rita mechanical stresses are known to be produced 
[1]! in a solid when cavitation bubbles collapse near the surface 
and the importance of this physical effect has been emphasized in 
studies described elsewhere [2]. Some investigators [3, 4], on 
the other hand, have emphasized the possibility of chemical effects 
in cavitation damage and have found a protective effect for a metal 
specimen when it is made the cathode of an electrolytic cell while 
it is being exposed to cavitation. The value of cathodic protec- 
tion for a metal exposed to corrosion in an active liquid with no 
cavitation is well known. In such cathodic protection, the cur- 
rent flow in the cell reduces any galvanic action between possible 
anodic and cathodic areas on the surface of the metal. There is 
also the possibility of hydrogen liberation at the surface of the 
metal. The question which is to be considered here is whether 
making a metal the cathode of an electrolytic cell has any specific 
effect in protecting against cavitation damage. The series of 
experiments to be described was designed to give some informa- 
tion on this question. 


Experimental Apparatus and Procedure 
The apparatus used in the experiments is shown in Figs. 1-3 
and a block diagram is given in Fig. 4. 


Alternating current is 
supplied at an adjustable frequency by an audio oscillator, Fig. 
4, and is amplified in a power amplifier so that a nickel transducer 
stack may be excited into mechanical oscillation. The amplitude 
of these mechanical oscillations of the transducer stack is in- 
creased by means of a solid steel exponential horn soldered to the 
end of the stack. This horn tapers to a cylindrical section in the 
end of which the specimen is screwed, Fig. 2. The specimens 
have a threaded portion and a cylindrical portion; the cylindrical 
section is §/s in. in diameter and about #/;.in. thick. The speci- 
mens were immersed to approximately half this cylindrical depth 

1 Numbers in brackets designate References at end of paper. 

Contributed by the Cavitation Subcommittee of the Hydraulic Divi- 
sion and presented at the Annual Meeting, Atlantic City, N. J., No- 
vember 29-December 4, 1959, of Tae American Society or Me- 
CHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Manuscript received at ASME Headquarters, August 11, 
1959. Paper No. 59—A-170. 
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There was then no protective effect with the specimen cathodic or anodic. 


in the test liquid. The oscillations generated in the horn are 
such that the motion is almost totally confined to the axial direc- 
tion; an account of this use of such a horn, together with the 
theory, may be found elsewhere [5,6]. The vibration of the 
specimen was observed with a microscope and the amplitude was 
determined from a scale. A much more accurate way of follow- 
ing the relative amplitude of oscillation was furnished by the 
displacement pickup coil. This displacement detector consisted 
of a coil of wire wound on an annular magnet through which the 
horn passed. The oscillations of the horn generated an alternat- 
ing current which was read on a vacuum-tube voltmeter, Fig. 4. 
The vacuum-tube-voltmeter reading made it very easy to hold 
the specimen oscillation amplitude constant during an experi- 
ment. The double amplitude of the oscillation was kept at 
0.0020 in. for most of the test runs. The oscillation frequency 
was determined by the resonant frequency of the system which 
was approximately 14.2 kilocycles. 

During a test run not only could the amplitude be held constant 


Fig. 1 Apparatus used to generate cavitation including osciilator 
amplifier, nickel stack, stainless-steel horn, and pickup coil 
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Fig. 2 Specimen being attached to end of horn 


but the cooling requirement for holding the test liquid tempera- 
ture constant was easily met. The specimens were weighed 
accurately before each run. After a run, the specimen was 
washed in distilled water, then in ethyl alcohol, and dried in a 
vacuum desiccator before being weighed. 

When the specimen was made one electrode of an electrolytic 
cell, the second electrode was in every case a platinum wire in- 
sulated from the liquid except at its end, Fig. 3, 
mounted in a plastic tripod. 
of platinum. During these runs the current was held constant 
although the voltage also was measured. The current and volt- 
age readings were relatively insensitive to the distance between 
the electrodes but this distance w 
1.5 cm, 


which was 


The exposed end was a disk, also 


is kept at the constant value of 


Modification in the Shape of Specimens 


The specimens which were used initially for the tests had flat 
surfaces exposed to cavitation. With specimens of this shape it 
was found that there was a serious lack of reproducibility in ex- 
perimental results in spite of every effort to control the experi- 
mental conditions. This lack of reproducibility in the data was 
connected with the nonuniform nature of the cavitation damage on 
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the specimen surfaces. This nonuniformity of the damage was 
evident in the formation of deep radial ruts, examples of which are 
shown in Fig. 5. The number and depth of these ruts varied 
from one specimen to another even when the test conditions were 
kept the same. There was some correlation of larger weight 
losses with a larger number of these radial ruts, and smaller 
weight losses with a smaller number. It may be remarked that 
the damage patterns found in the experiments described here are 
fairly uniform compared to other damage patterns observed with 
magnetostrictive devices [7]. These radial ruts or “stars’’ were 
investigated also for specimens of smaller diameter and were 
found to occur in the same way as for specimens of larger di- 
ameter. The formation of the star pattern appeared to be un- 
connected with any vibration mode of the specimen surface, as 
is also indicated by the observations elsewhere [7] that these star 
patterns are independent of the specimen thickness. 


The explanation of these star patterns in the cavitation dam- 
As the 
specimen oscillates, the cavitation bubbles are formed in the half- 
cycle during which it moves away from the liquid. This motion 
of the specimen away from the liquid is accompanied by a flow 
which has a radially inward component over the specimen face. 


age with these flat specimens has hydrodynamic basis. 


The cavitation bubble cloud is consequently somewhat concen- 
trated toward the center of the face during this interval of growth 
of the bubbles. In the subsequent half-cycle, during which the 
specimen moves into the liquid, the cavitation bubbles are col- 
lapsed. It is, of course, the bubble collapse that produces the 
cavitation damage. This motion, during this collapse portion of 
the cycle, must be accompanied by aliquid flow which has a com- 
ponent directed radially outward over the specimen surface. The 
bubble cloud consequently experiences some radial outward ac- 
celeration so that a flow region containing a mixture of bubbles 
and liquid is being accelerated into a flow region containing only 
liquid. In this collapse portion of the cycle, one has, therefore, a 
situation in which a lighter fluid medium is being accelerated into 
a heavier one. This situation produces a Taylor instability [8]. 
The cavitation cloud should therefore develop fingers, or rays, of 
bubbles. This type of behavior is observed and is shown in Fig. 6, 
which is a short exposure photograph of the face of a specimen 
while undergoing high-frequency vibrations in water. Once 
damage has been initiated in some radial directions, there would 
be a definite tendency for the instability to persist in these direc- 
tions so that the more intense damage should appear in a star 
pattern. A mechanism of this kind with an element of random- 
ness arising from an instability would clearly lead to difficulty in 
obtaining reproducibility of weight loss in damage tests. 


This explanation of the lack of reproducibility in cavitation 
weight losses suggests a modification in the shape of the specimen, 
and the success of this modification, in turn, supports the explana- 
tion. On the basis of the mechanism just described, it follows 
that a reduction in the magnitude of the radial accelerations over 
the face of the specimen would make the damage patterns more 
uniform and at the same time would make the damage deter- 
minations more reproducible. Specimens were therefore tried 
which did not have completely flat surfaces but which, instead, 
were “‘dished’’ so that they consisted of a flat surface surrounded 
at the edge by a wall approximately 0.030 in. high and 0.010 in. 
thick, Fig. 7. The damage pattern obtained with such a dished- 
specimen face is shown in Fig. 8. It is extremely uniform, and it 
is clear that the reduction in the radial flow by providing a stagna- 
tion rim has eliminated any kind of preferential damage which 
took place previously. As might be expected, this type of speci- 
men gave much more consistent results than the flat specimens, 
and it was adopted for all the experiments reported here. It is 
estimated that the error in cavitation weight-loss determination 
to follow is within +2 X 10~‘ gram. 
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Fig. 3 Platinum anodes used for cathodic-protection tests 
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Fig. 4 Block diagram showing the circuit used to generate cavitation on the specimen, and the circuit for cathodic protection 


The Current Field in Test Cell 


Some studies were made of the electric current field between the 
platinum electrode and the test specimen which was of the dished- 
face type. The purpose of this investigation was to make certain 
that a significant fraction of the current flowed to the face of the 
specimen. The findings are illustrated for a specimen of mild 
steel (1018) made cathodic relative to the platinum electrode in 
a 3 per cent solution of NaCl in distilled water. The circuit had 
810 
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an inherent back emf resulting from electrolytic action which al- 
ways had to be subtracted from the external voltage readings. 
For a given current, the voltage between the electrodes was ob- 
served to decrease noticeably with the onset of cavitation vibra- 
tions. This observed reduction in the cell resistance is presuma- 
bly due to the agitation and partial removal of poorly conducting 
layers of hydrogen gas at the cathode. The voltage as a function 
of cathodic current to the test specimen in the noncavitating 
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Fig.5 Cavitation damage on a fiat specimen with no cathodic protection 


Fig.6 Cavitation cloud shown on the face of the oscillating specimen 
stationary ) condition and in the cavitating condition is shown in 
Fig. 9 

To determine the proportion of the total current which passed 
through the cavitating part of the cathode surface, two dished 
specimens were prepared The flat surface exposed to cavita- 
tion of one of these specimens was coated with insulating enamel 
The 


The current readings for the salt 


while the sides and edge of the other dish were so coated. 
enamel used was “‘Formvar.’’? 
solution are shown in Table 1 for a total impressed voltage of 3 
volts. Since all the current measurements given in Table 1 were 
at the same voltage, they are inversely proportional to the cell 
resistance. As has been remarked, the cell resistance in all three 
configurations shows a marked decrease when cavitation is taking 


? Material used by General Electric Company for wire insulation. 
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Fig. 7 Photograph of a dished specimen 


Fig. 8 Damage pattern obtained with a dished specimen. The damage 
pattern has this uniform appearance with or without cathodic current. 


Table 1 
3 volts 


Test specimen cathode and platinum anode; impressed voltage 


milliamp 
No cavitation 2. 
With cavitation 6.: 
No cavitation l 
With cavitation t 
No cavitation l 
With cavitation 2 


Bare specimen 
Specimen with sides insulated 


Face-insulated specimen 
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place. With no cavitation, there is only a small difference in the 
cell resistance between a specimen with its sides insulated and a 
specimen with its face insulated. In the cavitating condition, 
however, the cell resistance is found to be much lower for the 
specimen with insulated sides than for the face-insulated speci- 
men. This “depolarizing” effect when cavitation is taking place 
over the specimen face indicates that some physical removal of 
hydrogen from the specimen surface is produced by the cavitation 
bubbles. These current measurements also indicate that a large 
fraction of the current flows to the face of the specimen while cavi- 
tation occurs. 


Cavitation Damage Results in Salt Solution With Cathodic 
Currents 


A series of experiments was carried out in a 3 per cent solution 
of NaCl in distilled water with specimens made of several different 
materials. 

The results with mild steel (1018) are summarized in Fig. 10. 
The composition of this material is as follows: C 0.17, Mn 0.73, 
P 0.007, and § 0.024 per cent. The Brinell hardness number (on 


the scale of a 10-mm ball with 500 kg load) averaged 160 and was 
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Fig.9 Emf as a function of cathodic current with and without cavitation 
on the cathode 
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Fig. 10 Weight loss for dished specimens as a function of damage 
time; different levels of cathodic current 
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found to vary only slightly with each specimen. Each curve 
shown in Fig. 10 is the average of the weight loss values which 
were measured with three different specimens. Examples of the 
data, and the average curve, are shown in Figs. 11 and 12. 

The results with 4340 steel, of Brinell hardness number 210 
(on the 3000-kg scale), are summarized in Fig. 13. Each of these 
curves is the average of the data for three different specimens. 
Examples of the data, together with the average curve, for a few 
values of cathodic current are shown in Figs. 14, 15, and 16. 

The results with 17-7 PH stainless steel, of Brinell hardness 
number 235 (on the 3000-kg scale), are shown in Fig. 17. Ex- 
amples of the data, together with the average curve, for a few 
values of cathodic current are shown in Figs. 18, 19, and 20. 

The preceding series of experiments all showed very similar 
trends, but it seemed desirable to study a material of a quite 
different kind. It was thought of interest to examine a relatively 
inactive metal which could be easily obtained with high purity. 
Copper was therefore investigated with the results shown in 
Fig. 21. Figs. 22, 23, and 24 show examples of the data obtained 
together with the averaged curves 
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Fig. 11 Weight loss for dished specimens of mild steel! as a function of 
damage time; 1 milliamp of cathodic current. Test liquid was 3 per 
cent solution of NaCl in distilied water. 
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Fig. 12 Weight loss for dished specimens of mild steel as a function of 


damage time; 50 milliamp of cathodic current. Test liquid was 3 per 
cent of NaCl in distilled water. 
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Fig. 13 Summary curves of cavitation weight losses in 4340 steel for Fig. 16 Cavitation weight loss for 4340 steel specimens in 3 per cent 
several values of cathodic current. Each of these curves is the average salt solution with cathodic current of 100 milliamp 
of the data for three different specimens. 
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Fig. 17 Summary curves of cavitation weight losses in 17-7 PH stainless 
Fig. 14 Cavitation weight loss determinations for 4340 steel specimens _ steel for several valves of cathodic currents. Each curve is the average 
in 3 per cent solution of NeCl in distilled water with no cathodic current ©f data for three different specimens. 
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Fig. 15 Cavitation weight loss for 4340 steel specimens in 3 per cent Fig. 18 Cavitation weight loss for 17-7 PH stainless steel in 3 per cent 
salt solution with cathodic current of 20 milliamp salt solution with no cathodic current 
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CAVITATION DAMAGE TIME. MINUTES Fig.22 Cavitation weight loss determinations for pure copper specimens 
in 3 per cent solution of NaCl in distilled water with no cathodic current 
Fig. 19 Cavitation weight loss for 17-7 PH stainless steel in 3 per cent 
salt solution with cathodic current of 20 milliamp 
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Fig. 23 Cavitation weight loss determinations for pure copper speci- 
Fig. 20 Cavitation weight loss for 17-7 PH stainless steel in 3 per cent mens in 3 per cent salt solution with cathodic current of 20 milliamp 
salt solution with cathodic current of 100 milliamp 
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Fig. 21 Summary curves of cavitation weight losses in pure copper for 
several values of cathodic current. The test liquid was a 3 per cent solu- Fig.24 Cavitation weight loss determinations for pure copper specimens 
tion of NaCl in distilled water. in 3 per cent salt solution with cathodic current of 100 milliamp 
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The trend found with specimens made of the various steels con- 
tinued with the pure copper. It must be emphasized that in all 
of these experiments in the salt solution, the evolution of hydrogen 
was observed on the specimen suriace even at the lowest cathodic 
current (1 milliamp). This finding of a protective effect against 
cavitation damage for such a range of materials suggests that the 
observed hydrogen evolution provided a cushioning effect. A 
further indication in this direction is the general result that the 
weight loss decreased monotonically with increasing rate ol gas 
evolution, or with increasing cathodic current. This result is 
reasonable since the study of the current-voltage relation with and 
without cavitation indicated that some of the hydrogen layer was 
removed by the cavitation. Presumably, if the hydrogen gus 
layer was complete and undisturbed by the cavitation, the cavita- 


tion damage would disappear 


Cavitation Damage Results in Buffered Water With Cathodic 
and Anodic Currents 

To give further indication 
effect in so-called cathodi 


that gas evolution is the 


significant 
protection, it would be most desirable 
to be able to perform cavitation tests while the specimen was the 
inode of a cell and at the same time had gas evolved at its surface 
iuthor by Mr. F. L LaQ ie, of the Inter- 


national Nickel Company, that such experiments could be done 


It was suggested to the 


quite re idily in buffered distilled water with stainless-steel speci- 


Such a series of experiments was performed in distilled 


water buffered to pH 8. One electrode of the cell 
ind the 


stainless steel Im the 


mens 
was platinum 
which was 17-7 PH 


first senes of experimen the 


as before other was the specimer! 


specimen 


was the athor if the ce ind cavitation damage was determined 


for catl i! nts of 20, 50 and 100 milliamp For all of 


these cu val ivdroge! ra \A vis observed to tv 
evolved it the specime! 


cavitatle 1 damage weight 


amples of the data are show: 


itation weight loss 


d 


tion in cay magnittict 
of the current is clearly 
In a second series of experiments, the stainless-steel specime 


anode 


ired for anodic currents of 40. 100 


was made the of the ce ind cavitation d is mens 


image W 


For 


ind 200 milliamp 


these currents, gas could be observed | 


specimen Che gas evolved 
to compare the anodic ar odie valu or th me volume 


rate ol gas e\ 








Fig. 25 Summary of cavitation weight loss observations with 17-7 


PH stainless-steel specimens as cathodes in buffered distilled water 
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Fig. 26 Cavitation weight loss determinations for 17-7 PH stainless 
steel in buffered distilled water with no current 
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Fig. 27 Cavitation weight loss determinations for 17-7 PH stainless 
steel in buffered distilled water with cathodic current of 50 milliamp 
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Fig. 28 Cavitation weight loss determinations for 17-7 PH stainless 
steel in buffered distilled water with cathodic current of 100 milliamp 
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hydrogen. The summary of these cavitation weight losses with 
anodic currents is shown in Fig. 29, and examples of the data are 
shown in Figs. 30 and 31. 

From the comparison of these cathodic and anodic experiments 
at corresponding currents, it is evident that there is a protective 
effect against cavitation damage in both cases which is roughly of 
the same magnitude. In making such a comparison it must be 
kept in mind that there is a weight loss in an anodic specimen en- 
tirely independent of cavitation damage which is produced by 
electrolytic solution of the anode material. The weight loss in a 
specimen exposed to cavitation damage should be corrected for 
this effect when the specimen is the anode of the electrolytic cell. 
After such a correction, a more precise comparison of the weight 
Fig. 32 
When the curves of this figure are 
compared with the open-circuit weight losses, it is clear that there 
is a large protective effect which is very nearly the same in both 
cases. There is, however, an indication that the weight losses 
are slightly higher in the anodic case. This difference is so small 
that it might appear to be subject to question. In order to get 
additional information on this point, rather sensitive measure- 


losses in the cathodic and anodic cases may be made. 
shows such a comparison. 


ments are required. The following type of experiment was under- 
taken for this purpose. It may be noted in the experimental data 
that the initial values of the cavitation weight losses as a function 
= 
4 6 WATER 
STEEL, BRINELL HARONESS N 235 
SPECIMENS 


ANODIC CURRENT, MILLIAMP 


on 





80 
CAVITATION DAMAGE TIME, MINUTES 

Fig. 29 Summary of cavitation weight loss observations with 17-7 
PH stainless-steel speci as des in buffered distilled water. 
The anodic current values are double the cathodic current valves so as 
to give corresponding rates of gas evolution in the two cases: Oxygen 
with valence two for the anodic case, hydrogen with valence one for the 
cathodic case. 








_ 
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Fig. 30 Cavitation weight loss determinations for 17-7 PH stainless 
steel in buffered distilled water with anodic current of 100 milliamp 
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of exposure time correspond to slower rates than the later values. 
This initial behavior has been described as being due to an “‘in- 
cubation period.’”’ It is probably a result of incomplete roughen- 
ing of the surface in the early stages of the cavitation damage. In 
the latter stages of cavitation exposure, the weight losses become 
linear functions of exposure time, at least until the surface be- 
comes severely damaged. This behavior of the weight loss has 
been used to get additional information on the relative effects in 
the cathodic and anodic cases. The results of these determina- 
tions of weight losses in the postincubation, or linear, region are 
shown in Fig. 33. The anodic curve is shown after correction 
for weight loss due to electrolytic solution as a result of the 
current flow alone. Even after this correction is made, there is an 
indication that the rate of anodic cavitation weight loss is slightly 
greater than the corresponding cathodic weight loss. 

It is clear that there is a protective effect both for the cathodic 
and anodic cases which is associated with gas evolution and which 
is to be ascribed to a cushioning effect of the gas being evolved. 
One may say, further, that the amount of the protective effect is 
roughly the same in the two cases. 
that the weight losses for corresponding values of the currents 
are somewhat greater in the anodic case than in the cathodic case. 
Such a result is not surprising since, in the anodic situation, 
anode material is going into solution by the electrolytic action of 


There is evidence, however, 
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Fig. 31 Cavitation weight loss determinations for 17-7 PH stainless 

steel in buffered distilled water with anodic current of 200 milliamp 


? PH STAINLES 


CATHOL 


COMPARISON 
WITH ANODIC 
CAVITATION DAMAGE wiTH 


FOR WEIGHT 








Fig. 32 Comparison of cavitation weight loss for stainless-steel speci- 
mens with dic and cathodic currents. The observed weight loss for 
the case in which the specimen is the anode of the cell is corrected for 
the weight loss due to current flow only. 
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the current. That the weight loss after exposure to cavitation 
should be slightly enhanced under such conditions could very 
well be expected. This nonadditive, interaction effect of the 
anodic current erosion and the cavitation erosion is under con- 
tinued investigation. 

A final type of experiment which is readily performed with a 
cathodic or anodic specimen in buffered distilled water is the re- 
duction of the current level to so low a value that no visible gas 
evolution occurs. Such a reduction in current level for the cath- 
odic experiments with the salt solution was not practicable since 
gas was observable at the cathode with currents as low as 1 milli- 
amp. It was found that there 
at a cathodic or at 


current of 2 


vas no observable gas evolution 
an anodic specimen in the buffered water at a 
i 


milliamp. Under such conditions, no protective 


effect in cavitation damage should be detected. In order to ob- 


tain high experimental sensitivity, the specimens used were in 


TA N me 


Fig. 33 Comparison of anodic (100 milliamp) cavitation weight losses 
with cathodic (50 milliamp) cavitation weight losses. The dashed 
anodic curve shows correction due to electrolytic solution by the current 
only and is to be compared with the cathodic curve. 
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Fig. 34 Cavitation weight losses for 4340 steel in buffered water. 


the postincubation, or linear, stage of cavitation weight loss 
Further, each specimen was run alternately as a cathode with 
2-milliamp current and then at zero current. Similarly, a speci- 
men was run alternately as an anode at 2-milliamp current and 
then at zero current. The successive values of the cavitation 
weight losses were measured and they are shown in Fig. 34 for 
4340 steel specimens and in Fig. 35 for 17-7 PH stainless-steel 
specimens, The arrows in these figures show the direction of the 
t should be remarked that 
any anodic electrolytic weight losses at the current levels used 


successive cavitation experiments. 
would be extremely small. Within the limits of experimental 
accuracy there was no protective effect for these cathodic or 


anodic currents 


Conclusions 


1 Experiments in a 3 per cent solution of salt in water showed 
a protective effect in cavitation damage for a wide variety of 
materials when the test specimens were made the cathodes of an 
electrolytic cell The reduction of the cavitation weight loss is 


associated with the e ion of gas (hydrogen) at the surface of 
the specimen 

2 Experiments in buffered distilled water showed a protective 
effect in cavitation damage both when the specimen was an anode 
and when it was the cathode of an electrolytic cell, provided the 
voltage or current was high enough so that gas would be liber- 
ated at the specimen surface. 

3 Experiments in buffered distilled water at voltages or cur- 
rents so low that no gas was evolved, showed no protective effect 
either for cathodic or anodic specimens. 

4 Itis strongly indicated that a cathodic or anodic protective 
effect in cavitation damage is primarily due to a cushion 
ing effect of the gas which is electrolytically liberated at the 
material surface. 

5 An interesting, nonadditive or incremental, weight loss of 
small magnitude is indicated when a specimen is simultaneously 
losing mass by electrolytic-current transfer and by cavitation 
damage. ‘There is no indication as yet of any reverse effect due to 
any corrosion protection when a specimen is the cathode while 
being exposed to cavitation weight loss 


‘ 
2.2 


The arrows show 


the sequence of successive runs with the same specimens. 
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Fig. 35 Cavitation weight losses for 17-7 PH stainless steel in buffered water. 
arrows show the sequence of successive runs with the same specimen. 
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DISCUSSION 


R. M. Henry® 


I wish to complement the author on a well presented paper in 


which he contributes valuable information on cavitation phe- 
nomena and a comprehensive analysis of how cavitation is pro- 
duced in oscillatory type of equipment. Especially noteworthy is 
,his addition of a wall around the edge of the specimen to obtain 
more uniform test results. This feature will be discussed later 

We use a magnetostrictive cavitation machine that operates 
at approximately 1.2 kilocycles and a double amplitude of 0.018 

* Engineering Research Laboratory, Newport News Shipbuilding 
and Dry Dock Company, Newport News, Va 
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a maximum velocity of 5 
maximum acceleration of 1330 g’s. The 
hollow nickel rod 60 in. long and 1.5 in. in di 
clamped at the center. 


in. This results in 7 ft per sec and a 


vibrating element is a 


imeter and is 


The two driving coils are mounted one 


above and one below the rod clamp. Cooling is accomplished by 
blowing air through the annular space between the coils and the 
rod. sin. thick and 
he end of the rod 


lepth of 


The test specimens are 1.5 in. in diameter by 
are secured, by two screws, to a plug brazed in t 
Specimens are immersed 0.5 in. with 6 in water under 
them. Plexiglas is used for the water container to cut down noise 

Although the Cal. Tech 


operate at quite different frequencies tl ilts we have ob- 


our equipment and equipment 
1e resi 
tained in a limited number of tests tend to substantiate the re- 
sults published in this paper 

We think of cathodic protection in terms of current density in 
milliampere per sq ft of wetted surface 1 on the dimen- 


LS¢ 


sions of the submerged part of Professor | s specimen and 
1 milliamp of current, his lowest current det 
With 
vdds 


amount of power if applied to a large surface 


was approxi 
mately 295 milliamps per sq ft. 100 


2u it, 


! imps he was 


using 5 amperes per sq which 


a prodigio is 


We have used from 25 to 300 milliamps per sq ft and observed 


no cavitation protection except with 300 milliamps. Our tests 
were run in city water at 78 to 80 F. 


The most interesting part of these experiments to us is the 
modification of the shape of the test specimens to provide a wall 
at edge of the specimen, resulting in a uniform damage pattern 
We have observed the “star’’ pattern in the bubbles and have ex- 
perienced uneven damage pattern in our experiments 

There is one consequence that may have resulted from use of 
the ‘‘dished’’ specimen which is not mentioned by the author. 
The wall may have served to collect the hydrogen or prevent it 
from dispersing as it would with a perfectly flat specimen, with 
the result that this probably increased the effectiveness of the 
cushioning to a considerable extent. The author’s comment on 
this point would be appreciated. 

Referring to Table 1, the current when cavitating is much 
greater for the side-insulated specimen than for the face-insulated 
one, but the uninsulated area is also greater for the side-insulated 
condition. The current in these two cases is very nearly propor- 


tional to the uninsulated surface area. Also, since cavitation 
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bubbles do not act on the sides of the specimen perhaps some 
phenomenon other than the action of the cavitation bubbles is re- 
sponsible for the decrease in resistance. It seems possible that 
the layer of hydrogen formed on the sides is removed by the 
scrubbing action of the water. This detail concerning why the 
resistance is less when cavitating does not invalidate the results 
and conclusions given by the author 


Martin Friedman, Jr.‘ 


As a welding contractor who specializes in cavitation damage 
repair of turbines, I have been doing some research in cathodic 
protection of turbine runners. One of the largest manufacturers 
of cathodic protection equipment for ships has been working with 
also one of the 


me; larger turbine builders has made some 


magnetic stricture tests, up to 300 milliamp, and the results 
parallel Professor Plesset’s findings 

The testing equipment used to simulate cavitation conditions 
in these tests reproduce s in two hours the cavitation that would 
occur in approximately three months; so in effect, it is increasing 
the cavitation rate by approximately 1000 times. In the standard 
use of cathodic protection on ships’ propellers, an impressed cur- 
rent of not over 60 milliamp per sq ft is used, with success, in salt 
vater. Raising the rate of damage ir 
factor of better than 1000 to 1 


impre ssed current by the same ratio makes the accuracy of the 


the test specimens by a 
und not being able to raise the 


graphs open to questior I believe the cathodic protection effect 


would be even better than that shown by the author’s results. 
Fig. 36 shows the prepared location of anodes in a typical tur- 
bine installation 


4 Job and Contract Welding, S 


SC Sou... CASE 


S. A. Tatum® 


Professor Plesset has done an admirable job of supporting the 
theory that cathodic protection of cavitating parts can only be 
expected to take place when there is enough hydrogen evolved at 
the specimen to cushion the effect of the collapsing bubbles. The 
data and curves displayed might lead to some incorrect interpre- 
tations however. 

[he ampere densities used in this experiment are extremely 
large. While the 100 milliamperes that gave a large amount of 
protection may seem to be a small number, it corresponds to 29.5 
amp per sq ft which, for large specimens, would make it prohibitive. 
This is likely to be the low extreme of the current density needed 
for protection. Since the amount of protection is in some manner 
proportional to the number of hydrogen atoms on the surface of 
the plate, the per cent retention of the evolved gas would be a 
very important factor in determining the ampere density neces- 
When Professor Plesset 
lished the specimen to reduce the radial flow, he probably in- 


sary ior a given amount ol protection 


creased severalfold the retention of « volved gas 
If we 


layer ol hydrogen 10 


calculate the number of amperes necessary to keep a 
> em thick on the surface of the specimen 


) 


with zero retention from cycle to cycle, we get 2.41 amperes or 


324 amperes per square foot Ihe actual current density neces- 
sary for a given application would depend on the per cent reten- 
intensity of cavitation. It 


tion and the is apparent, however, 


that except for small areas of metal that can be electrically iso- 


lated the power requirements for cathodic protection of cavitat- 


ing parts would be prohibitive 


* Engineering Research Laboratory 


und Dr Newp 
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rt News, Va 
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Fig. 36 Proposed cathodic protection equipment turbine 
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Appendix 
A Area of specimen 
(1) Atsce = mr? = 1/4 (*/5)* = 0.305 sq in. = 1.98 cm* 
(2) Awa = wed-t = @ X 5/ X 8/ = 0.184 8q in. 
(3) Max current used in experiment 
0.100 amps X 144 
0.489 





= 29.5 amps/ft? 


B Current density needed to deposit film of hydrogen on 1.98 
cm? 

(1) There are 0.268 X 10” molecules/cm* at STP 
For one square cm area 10~* em thick 
No. molecules = 0.268 * 10” X 10-* = 0.268 x 10" 
No. atoms = 2 X 0.268 X 10% = 0.536 x 10% 

(2) Total charge to deposit this number of atoms on speci- 
men 


Q = 1.6 X 10-* & 0.526 K 10% < 1.98 = 0.000172 coul 


(3) Total current if atoms must be replaced at 14200 times 
a second 


I = 0.000172 coul/cycle K 14.2 X 10* cycle = 2.41 amps 


Author’s Closure 


It was of particular interest to me to learn from the comments 
of Mr. Henry that he has also observed the “star” pattern of 
the cavitation as well as the uneven damage associated with it. 
This uneven damage with flat specimens is of significance, I be- 
lieve, for the behavior of the damage with high cathodic currents. 
I shall return to this point below. 

Mr. Henry has suggested that the dished specimens might keep 
the evolved gas from dispersing so that the cushioning effect 
might thereby be enhanced in comparison with the behavior with 
flat specimens. While such an effect is a possibility I believe that 
it does not play an important role in the experiments. To sup- 
port this view I shall briefly summarize the relative protective 
effects of gas evolution which we have observed on flat and on 
dished specimens. Aside from greater scatter in the data, we 
find essentially the same decrease in cavitation damage with flat 
and with dished specimens for the same values of the current in 
the range from zero to approximately 10 milliamperes. One can 
say, therefore, that in the corresponding range of gas evolution 
there is no “‘retention”’ effect as a result of dishing the specimen 
face. The relative behavior of the damage with flat and dished 
specimens for high currents is also of interest. For high currents 
the protective effect with the dished specimens is always larger 
the larger the current. This monotonic behavior is very reason- 
able and is what one would expect. With flat specimens, on the 
other hand, a rise in current above 10 milliamperes leads to a 
decrease in the protective effect. At the same time it was observed 
that there is a wider area of cavitation damage on the face 
of these flat specimens at the higher current levels. We have 
explained this behavior as being the result of an interaction be- 
tween the cavitation bubble cloud and the evolved gas which 
spreads the cavitation cloud over a greater area of specimen face. 
With the dished specimens, the damage pattern is quite uniform 


and well spread over the specimen face for all currents. It seems 
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to me unlikely that “‘retention’’ is a significant item for the dif- 
ference between flat and dished specimens. It would appear that 
a much more important factor is the interaction of the evolved 
gas with the cavitation bubble cloud and the resultant effect 
on the region of damage. To conclude the discussion of this point, 
it should be remarked that it is incorrect to think of the evolved 
gas as giving some kind of uniform coverage of the specimen face 
when cavitation is taking place. The resistance measurements 
showed a significant increase in current flow to the face of the 
specimen when it was exposed to cavitation. This behavior is 
to be interpreted as being a consequence of greater rate of removal 
of the gas by the violent flow patterns produced by the collapse 
of the cavitation bubbles near the specimen face. 

The resistance measurements have been discussed by Mr. 
Henry, and some clarifying remarks regarding them appear to 
be required. These measurements had the primary purpose of 
making certain that an appreciable fraction of the current flowed 
to the face of the specimen where cavitation damage would take 
place. One should be concerned with this point because the 
electric field has its largest value at the edge of the specimen and 
in its immediate neighborhood. A disproportionately large frac- 
tion of the current can therefore be expected to flow to this region. 
This behavior is observed, as expected, when there is no cavita- 
tion. When the sides of the specimen are insulated so that the 
current flows only to the face, the current flowing to the face 
was 1.6 milliamperes. When the face of the specimen was in- 
sulated so that the current flowed only to the sides, the current 
is nearly the same, i.e., 1.5 milliamperes. This approximate 
equality of current is observed in spite of the fact that the area 
of the sides is only 0.6 of the area of the face. The current flow 
distribution, however, alters appreciably with the onset of cavita- 
tion. With cavitation, the current flow to the face with the 
sides insulated rose to 4.4 milliamperes, while the current flow to 
the sides with the face insulated increased only to 2.8 milli- 
amperes. In other words, there was relatively a greater de- 
crease in the resistance for current flow to the face than for cur- 
rent flow to the sides in spite of the presence of the cavitation 
bubble cloud which appears only over the face of the specimen 
and not on the sides. One concludes, therefore, that the cavita- 
tion bubbles are more effective in removing adsorbed gas on the 
face than the noncavitating acceleration of the sides through the 
liquid. 

There was general discussion of the large currents, expressed in 
amperes per sq ft, for marked protective effect. Once it is clear 
that the protective effect is the result of a cushioning effect of 
the evolved gas and when the protective effect is being provided 
under conditions of strong cavitation with noticeable removal of 
the evolved gas by the cavitation, then it should be obvious that 
high rates of gas evolution will be required for significant protec- 
tion. The original suggestion of cathodic protection was pre- 
sumably based on the well-known reduction in ordinary corrosion 
which it produces. Any reduction in ordinary corrosive action 
by cathodic protection appears to be negligible in most laboratory 
experiments with cavitation damage. It is conceivable, however, 
that low rates of gas evolution might give some effective protec- 
tion under conditions in which the cavitation takes place in 
such a way that there is less removal of the protective evolving 
gas cushion by the cavitation. 
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Correlation of Cavitation Inception 
Data for a Centrifugal Pump Operating 


A. G. GRINDELL 


Oak Ridge National Laboratory,’ Oak 
Ridge, Tenn. Assoc. Mem. ASME 


in Water and in Sodium-Potassium Alloy (NaK) 


The static head at pump suction at 


the time of cavitation inception was correlated for 


water and for 1500 F NaK on the basis of the differences of the vapor pressures of the 


two liquids. 


The difference between the vapor pressures, for the same conditions of 


pump speed and liquid flow, was added to the water-test cavitation inception value; thts 
proved to be a good approximation to the experimental value found for cavitation incep 


tion with Nak. 


I, view of the expanding use of nonaqueous heat- 


transfer media, it would be desirable, from the viewpoint of 
economy and convenience, to be able to predict the inception of 
pump cavitation for nonaqueous systems by using the informa- 
ition which has been obtained for aqueous systems. (Cavitation 
in a flowing liquid is described as the vaporization of the liquid 
when the static pressure is reduced to or below the vapor pres- 
sure equivalent to the local temperature of the flowing liquid 

The operation of a centrifugal pump under cavitation conditions 
ean lead to reduction of pump performance and to impeller and 
casing damage. ‘The working pressure of components of high- 


temperature heat-exchanger circuits, and consequently their 
design, will depend to some extent upon the pressure necessary 
to suppress pump cavitation 

Some work has been reported on cavitation in liquid metals, 
but no data are available that are correlated with data on cavita- 
tion in water. Hall and Crofts [1]* and Trummel [2] have re- 
ported data on cavitation in liquid metals. Both reports con- 
Hall and Crofts worked with 
eutectic sodium-potassium alloy at 250 C, and Trummel worked 
with sodium at 1215 to 1475 F. 
the density dependence of cavitation suppression for propeller 
pumps in a molten salt of sp gr 1.75 at 850 F. 


further publication [4], 


cerned cavitation in a venturi 


Stepanoff [3] has reported on 


Stepanoff, in a 


writes, “Vapor pressure should not be 


1 Operated by Union Carbide C 
Energy Commission. 
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Headquarters, 


Nomenclature 


than water.’’ Allis-Chalmers 


Manufacturing Company [5] has reported on a study of cavitation 


overlooked with liquids other 
damage to specimens of various materials of construction in 70 F 
water, 350 F sodium, and 350 F eutectic sodium-potassium alloy. 

In order to determine whether a useful relationship exists be- 
tween centrifugal-pump cavitation inception in water and in a 
molten metal, a centrifugal pump was operated, first in water 
and then in 1500 F NaK (56-wt per cent Na, 44 wt per cent K) 
Five test points of pump operation were chosen; three runs 
were made at 300 gpm for pump speeds of 2600, 3000, and 3375 
rpm, and two runs were made at 430 gpm for pump speeds of 
3000 and 3375 rpm. 
points for water and for NaK. Two additional runs were made 
with NaK for each of the two flow conditions at 3000 rpm 


One run was made at each of the five test 


Test Procedure 
A centrifugal pump was installed in a closed loop 
IPS 


with thermocouples, a venturi flowmeter, a throttling valve, pres- 


Equipment 
of Inconel pipe, sched 40, 4-in The loop was equipped 
sure-measuring devices, heaters and coolers to provide for iso- 
thermal operation, an oxide-removal cold trap, thermal insula- 
tion, a drain valve, a drain tank, pump-speed measuring devices, 
and devices for measuring the level of the liquid in the pump 


tank. 
and Fig. 2 is a sketch of the wetted portions of the pump 


A sketch of the test equipment is presented in Fig. 1, 
Fig 3 
presents the test pump characteristics with NaK alloy 

Test Method. 
the types of data obtained were, in general, identical for tests 


The methods for obtaining cavitation data and 
with both water and high-temperature NaK. The pump was 
operated in a noncavitating manner at the speed, flow, and 
temperature requirements of a selected test point. Data were 
obtained on pump speed, liquid flow rate, pump head, static head 
at pump suction, and temperature of the liquid after each of 





= pump speed, rpm 
= pump flow, gpm 


= temperature of flowing liquid, deg sure, psi 


k H, = pump total head, ft ( 


= pump discharge pressure, psig 
abs 
= corrected pump discharge pres- 
sure, psig 
= pump suction static pressure, psig 
venturi upstream pressure, psig = pump 
venturi throat pressure, psig 
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AP, = venturi differential pressure, psi 
AP, = corrected venturi differential pres- 


= static head at pump suction, ft 4 


vapor pressure of liquid, ft 

static head at pump suction at 
cavitation inception, ft abs 

discharge 

correction, ft 


Bar. 
sp or 


TM 


barometric pressure, ft 

specific gravity of flowing liquid 

venturi temperature multiplier 

venturi coefficient-of-discharge 

acceleration of gravity, 32.2 ft 

sec? 

= venturi throat area, ft? 
venturi throat diameter, ft 

throat to 


= ratio of venturi pipe 


pressure gage diameters 


velocity in the suction pipe 
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Fig. 2 Sketch of test centrifugal pump and expansion tank 


several successive reductions in pump-tank gas pressure (static 
head at pump suction). Air was the pump-tank cover gas for 
the water tests, and helium was used as a protective cover for the 
Nak. 

\ sufficient number of reductions in pump-tank gas pressure 
made in order to identify the cavitation inception point, 
H.,, on a plot of H, versus H,,, where H, is pump total head 
measured in feet and H,, is static head at pump suction measured 
in feet absolute. The data were adjusted by using the appropri- 
ite calibration corrections, and graphs (Figs. 4 through 8) were 
plotted of pump head (measured in feet) versus static head at 
pump suction (measured in feet absolute) for each run. The ab- 
solute static head at pump suction at the inception of cavitation 
was determined for each run from the corresponding graph. 
Che difference between the vapor pressure of water and of NaK 
vas added to the water-test cavitation-inception value, and this 
calculated value was compared with the corresponding NaK-test 

vitation-inception value. 

rhe flow rates of both water and NaK were measured with the 
same flowmeter, a 4-in. IPS, 1.53-in-throat nozzle-type venturi 
tube. The flow rate of NaK was based on the product of the 
water venturi-meter differential pressure multiplied by the square 
of the temperature multiplier (7M). 
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Fig. 3 Performance characteristics of test pump with 1250 F NaK 


derivation of the temperature multiplier from the standard 
flowmeter equation for a venturi. The underlying assumption 
for this particular application of the temperature-multiplier 
method is that the venturi coefficient-of-discharge (C) varies 
insignificantly in value between the water and the alloy tests. 
The discharge coefficient varies from approximately 0.9915 for 
water flow-rate measurements to approximately 0.9940 for NaK 
flow-rate measurements [6]. The purpose of setting the flow 
rates of the alloy in this manner was to duplicate as closely as 
practicable the flow rates of the water and to permit the absolute 
flow rates to approach the nominal values of 300 and 430 gpm. 
Test Variables. The principal test variables of interest were 
pump-shaft speed, liquid flow rate, pump tank gas pressure, 
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Fig. 5 Cavitation inception for water and for NoK, run 2 
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Fig. 6 Cavitation inception for water and for NaK, run 3 


pump discharge pressure, and liquid temperature. The method 
of measuring each of these quantities for water and for high- 
temperature NaK will be discussed here. 

The pump-shaft speed for the water test was measured by two 
methods. A Strobotac adjusted to line frequency at 3600 rpm 
was used to stop an image of the pump-shaft coupling at the 
desired speed. In addition, a count-rate meter was used to 
integrate, for a selected period of time, the voltage pulses of the 
pump drive-motor tachometer generator. The integrated num- 
ber of pulses was then reduced to pump-shaft speed by use of a 
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multiplier which reflected the number of pulses per revolution of 
the shaft and the selected time period 

Pump-shaft speed for the NaK tests was measured by various 
methods. For the 3000-rpm run, a Strobotac operating on line 
frequency was used to obtain a particular image from a pattern 
of marks which had been painted on the periphery of the pump- 
shaft coupling. This speed was checked by two methods, one 
being the count-rate meter method. 


A second check was per- 
formed by using a 


Hewlett-Packard counter, Model 522B. 
The three types of measurements agreed to within 5rpm. Other 
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pump-shaft speeds which were not multiples of 300 were measured 
in the folloving manner: The pump-shaft speed was set at the 
speed multiple of 300 rpm nearest the desired test speed by using 
the Strobotac operating on line frequency in order to obtain the 
shaft-coupling pattern image particular to that multiple. This 
particular speed was then used to check the readings of both the 
Hewlett-Packard instrument and the count-rate meter. The 
shaft speed was then adjusted to the desired speed for the test and 
was checked by the count-rater meter and the Hewlett-Packard 
instrument. A measurement range of 10 rpm at the test speed 
was observed. 

The flow rate for the water tests was measured with a nozzle- 
type venturi meter that had been calibrated using water as the 
system liquid. 


throat 


A single pressure tap in the pipe and one in the 
used. measured in- 


dividually with laboratory-type test pressure gages. 


were These two pressures were 
The gages 
were checked at least twice during the water tests and had a 
maximum error of 0.3 psig at the maximum gage reading. 

The flow rate of the alloy was measured with the venturi meter 
used for the water tests. The venturi pipe and throat pressures 
were measured with bellows-actuated balanced pressure trans- 
mitters connected to receiving gages. These pressure measuring 
devices were calibrated four times during the course of high- 
temperature testing. The calibrations were made at zero pump 
speed by increasing the gas pressure in the pump (expansion 
tank in increments of approximately 10 psi and by recording for 
each step the reading of the individual receiving gage. 


= 


7 





During these calibrations, the pump-tank gas pressure was 
measured with a master gage which had been calibrated by the 
dead-weight test method. The receiving-gage readings for each 
pressure measuring device were corrected to the master-gage 
reading, and the corrections were plotted 4 smooth curve was 
drawn through the correction points, and the measured values of 
venturi differential pressure, AP,, were corrected accordingly 
The venturi differential pressure, AP,., 
were used to compute flow of NaK alloy. An analysis, based on 


corrected values of 
each of three pressure measuring device calibrations, was made 
of the alloy flow rates. The maximum deviations of the probable 
actual alloy flow rate from the desired flow rate were calculated 
to be +5 gpm and —5 gpm for alloy runs 3A and 5, respectively 

The gas pressure of the pump tank was measured with a 0-30 
psig laboratory-type test gage. The gage was calibrated against 
the dead-weight-tested master gage, and the maximum error in 
the range of interest was 0.10 psig. The pump-tank gas pressure 
data were not corrected. 

The discharge pressure of the pump was measured with a 
bellows-actuated balanced pressure transmitter connected to a 
receiving gage. An analysis, based on three separate calibrations 
The 


largest deviation in pump head, based on the three calibrations, 


of this pressure transmitter was made of the pump head. 


was +1.1 ft. The discharge pressure data re corrected by 
using one of the calibrations 
During the water cavitation tests, the system temperature was 


measured with a Taylor dial-type thermometer inserted into the 
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Fig. 7 Cavitation inception for water and for NaK, run 4 
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Fig. 8 Cavitation inception for water and for NoK, run 5 
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flowing liquid. The thermometer was calibrated [7] after the 
conclusion of the water tests and was found to be reading 2 F high. 
The water-temperature data were corrected to this calibration. 
The temperature of the NaK entering the pump suction was 
measured during high-temperature testing by means of a Chromel- 
Alumel thermocouple attached to the outside of the suction pipe 
(Fig. 1). 
place against a Pt-Pt-10 per cent Rh thermocouple which had 
been calibrated against an NBS thermocouple [8] 


Subsequently, the thermocouple was calibrated in 


The calibra- 
tion indicated that the Chromel-Alumel temperature data were 
7 F high, and this correction was applied to the NaK test tempera- 
The suction pipe was thermally insulated with 3 in. of 
Superex (Johns-Manville Co The temperature 
gradient through the wall of the pipe was estimated to be about 
0.9 deg F and was not used to correct the temperature reading of 


tures. 
pipe insulation. 


the alloy which entered the pump inlet. 


The Experiment 

The water tests proceeded smoothly except that attempts to 
induce cavitation at 2600 rpm and 430 gpm caused oscillations in 
the system pressure levels, and ingassing of the water occurred. 
The ingassing apparently resulted from a disturbance to the 
normal liquid leakage (Fig. 2), which flows from the discharge 
region of the impelier inward across the top side of the impeller 
and into the free liquid surface in the pump tank. The direction 
of the leakage could be reversed when the head developed by the 
top side .f the impeller exceeded the static pressure at the 
periphery of the impeller. Reversal of the normal leakage flow 
leads to the pumping of gas from the pump tank into the system 
liquid by the top side of the impeller. A remedy for this situation 
might possibly be found in a the head-producing ability 
of the top side of the impeller in order to forestall the flow reversal. 
In water cavitation run No. 4, some ingassing may have occurred 


ch ange in 


coincidental to cavitation. There was no evidence of ingassing 
in the other water tests. 

The water test temperatures were selected after preliminary 
testing to provide = positive pressure of air in the pump tank 
during cavitation inception in the approximate range of from 5 
to 10 ft, measured in water at temperature 

During initial testing with NaK, nearly every attempt to in- 
duce cavitation led to oscillations in the system pressure levels and 
to flooding of the upper region of the pump tank with the hot 
NaK. The difficulty was thought to arise from the introduction 
of helium into the impeller inlet, and the source of the helium was 


thought to be the cold trap used for oxide removal. In this de- 


vice, a small portion, about 1.5 gpm, of the circulating 1500 F 
NaK is cooled to a relatively low temperature, 250-350 F, in 
order to remove sodium oxide and is then returned to the system 
in the pump suction line (Fig. 1). 

It was postulated by Watson [9], that the temperature de- 
pendence of helium solubility in NaK accounted for the presence 
of helium as a gas in the oxide trap. That is, helium may be more 
soluble in 1500 F NaK in the pump tank than in the 250-350 F 
NaK in the cold trap. 
the system was sufficient to prevent gassing the pump from that 


Accordingly, valving the cold trap out of 


source during subsequent high-temperature operation. 

Attempts to induce pump cavitation during a high-temperature 
run at 2600 rpm and 430 gpm with NaK produced oscillations in 
the system pressure level and a rapid rise in the liquid level in the 
pump tank in a manner very similar to the water ingassing in- 
cident in the foregoing. The level in the 
circulating NaK increased from approximately 30 ppm, the value 
at the time the cold trap was isolated from the system, to ap- 
proximately 225 ppm at the conclusion of the test. 

Vapor Pressure and Specific Gravity of Water and of NaK. 
for the vapor pressure and specific gravity of water were taken 
from the standard reference [10]. The specific gravity of the 
alloy and the vapor pressure of NaK, as predicted by Raoult’s 


described oxide 


Values 


law, are presented in Figs. 9 and 10. Experimental work by 
Miller, et al 
might be slightly higher at a given temperature than would be 
predicted by Raoult’s law. 
alloy in the temperature range of interest, as predicted by Raoult’s 


[11] indicated that the vapor pressure of the alloy 
Therefore the vapor pressures of the 


law, and as experimentally checked by Miller and Ewing [11], 
For the purpose of this correlation 
The 


values for the specific gravity of the alloy were taken from p. 34 of 


are presented in Fig. 10. 
experiment, the average of the two values was used. 


reference [12]. 


Results and Discussion 


Determination of Cavitation Inception, H.;. For all tests, the average 
pump speed for each run was set as the speed of that run, and the 
average flow from the noncavitation region to just beyond the 
The corrected 
Equations 
(6) and (8) (Appendix 2) were used to compute pump head, H,, 
Equations (7) and (9) (Appen- 
were used to compute the absolute static head at pump 
The flow rates 


inception of cavitation was used as the flow. 


temperature was used as the temperature of the run. 


for water and NaK, respectively 
dix 2) 
suction, H,,, for water and Nak, respectively. 

were obtained by using Equation (4) (Appendix 1). 
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Fig. 9 Vapor pressure and specific gravity of NaK (56 wt per cent Na) 
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Stepanoff (p. 266, [4]) and Church (p. 83, [13]) have outlined 
several methods of displaying cavitation inception data in graphi- 
cal form. The conventional methods consist in plotting pump 
efficiency versus Thoma’s cavitation factor or absolute static head 
at pump suction, and pump head versus Thoma’s cavitation 
factor or absolute static head at pump suction. The data ob- 
tained in these tests were plotted in terms of pump head versus 
absolute static head at pump suction. Pump head versus absolute 
static head at pump suction was plotted for each run and is pre- 
sented in Figs. 4 through 8. A smooth curve was drawn in order 
to utilize as many of the data points of each test as practicable. 

Several criteria for the determination of cavitation inception, 
H,;, are outlined by Stepanoff (p. 264, [4]). The criterion used 
here involved identifying the value of the static head at pump 
suction at which a continued drop in pump head occurred. 
Three methods for determining that value were investigated: 


1 The intersection of the tangent to the nearly horizontal 
portion of the curve with the tangent to the sloping portion of the 
curve was found. 

2 The intersection of a horizontal line drawn through the 
lowest noncavitating pump-head data point with the sloping 
portion of the curve was found 


: mare aa 
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| 
a 


( feet) 
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a 
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14390 


3 The intersection of a horizontal line drawn 2 ft below the 
lowest noncavitating pump-head data point with the sloping 
portion of the curve was found. 


The maximum deviation of the three methods was 0.6 ft for run 
No. 1. The second method was chosen to determine the cavita- 
tion inception point for each run (Fig. 4). 

Correlation of Data for Wailer and NaK. ‘The cavitation-inception 
data obtained with high-temperature NaK were compared with 
an estimated value for NaK cavitation inception that was ob- 
tained by adding the difference in the vapor pressures of the two 
liquids (water and NaK) to the cavitation inception value obtained 
with water at the same conditions of pump speed and liquid flow. 
Table 1 gives the pump operating conditions for each run and 
presents a comparison of the estimated value for cavitation in- 
ception with the experimental values for cavitation inception for 
each NaK run. 

For run 1 (Table 1), the estimated cavitation-inception value 
for NaK, 64.3 ft, was obtained by adding 19.2 ft (the difference 
between the vapor pressure of water and NaK for this run) to 
45.1 ft (the cavitation inception value for water for this run 
The experimentally determined cavitation-inception value for 
NaK is 63.3 ft, and thus is 1 ft lower than the 64.3 ft estimated. 
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Fig. 10 Vapor pressure of NaK (56 wt per cent Na) 
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Water Tests 


Q T , Nav 


Comparison centrifugal pump cavitation inception test results 


Sodium- Potassium Tests 
Estimated 
~~ He 


ifference 


av 
(gpm) (°F) (rpm) (°F) (ft abs) 


306 188 3390 1490 


436 138 3383 1501 


306 188 3018 1502 


3030 1497 
3047 1500 
3000 
3000 
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Discussion. A temperature change of 2 F changes the vapor 
pressure of 188 F water by 1 ft, and from Fig. 10 it may be seen 
that a temperature change of 4.4 F effects a change of 1 ft in the 
1500 F NaK. The 


measurement is readily 


vapor pressure of necessity for precise 


temperature ipparent, and although 
much effort was expended to obtain satisfactory measurements, 
the precision required for identifying a change of 1 ft in vapor 
Nak 
The test equipment was quite large; there were 
about 35 gal of alloy in about 1500 lb of Inconel, and a safety- 
shielded volume of about 1200 ft? was r« quire d 


pressure (particularly for 1500 TI could not be guaranteed 


in these tests. 


In his text, Stepanoff [4] presents a thermal cavitation criterion, 
B, based on certain physical properties of the system liquid and 
its vapor. The curves presented by Stepanoff were apparently 
obtained at constant pump speed and available NPSH by vary- 
ing the flow (resistance to flow These data were obtained at 
constant pump speed and flow conditions by varying the avail- 
able NPSH 
of information regarding the specific volume of the vapor and the 
Nak make 
analyses of these data by the thermal-cavitation criterion difficult 
Resolution of these diffic should make the 


feasible 


The difference in test methods and an apparent lack 


latent heat of vaporization of alloys combine to 


two lties analysis 


Conclusions and Recommendations 

The nine estimated values for cavitation inception by 1500 F 
Nak differ from the experimental values over a range of +1 ft 
to —4.9 ft. 
of 4.1 ft, which may be expressed as an average of 5 per cent of 


The differences yield a maximum average difference 


the pump-suction static-head values at cavitation inception for 
the nine NaK runs. 

It is suggested that, for the pump studied, cavitation inception 
with other liquid metals may be estimated on the basis of water- 
test cavitation inception and vapor pressure data. However, it 
would be very helpful to obtain similar experimental correlations 
for other pumps and other liquids 

It is recommended that the temperature of the flowing liquid 
be accurately determined in future attempts to correlate cavita- 
tion inception for a centrifugal pump, particularly if the liquid 
exhibits a steep slope of vapor pressure versus temperature. 
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APPENDIX1 
Venturi Meter Temperature-Multiplier 


The standard venturi-meter flow-rate equation for flow rate « 
temperature ¢ may be written as 
A, 


Q, =k 


7 V AP. 
V 8p gr; 


where 
129( 144 
/; — pe ¥ 62.37 
Also the flow rate at a base temperature bi may be written 
kAy, 


Vs: / 
V SP Ou 


/ AP 


V sp or 


, and regroup- 


A 
Multiplication of Equation (1) by ( “) 7 
Ay} ¥ SP 97 vr 


ing to obtain 


/ 
V sp ars, 


V sp 9" 
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Q, 
V sp Ove 


Vv AP,, 
from which 
Q, = K(TM) VAP,., 


Ww here 


kAy, 
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D,\? 
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Dy 


From reference [6], and for a base temperature of 1400 F, 


V sp gr. 
V sp 9’; 


r « 
TM = 


84.18, 
1.000 
Table 2 presents several temperature multipliers of interest 


The NaK flow rate should equal a previously established water 
flow rate when 


(AI ( am y Al 

> - = { > 

oe Nak TM ux vc 'w? 

Table 2 Venturi temperature multiplier 
TM, TM @ yag 
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where subscript w refers to water and subscript NaK refers to the 
sodium-potassium alloy. 


APPENDIX 2 
Pump Head Equations 


The pump head and the static head at pump suction for water 
and for NaK were calculated by using the following equations. 
In the pump head equation for water, the constant 3 represents 
an elevation correction to the discharge pressure gage. The 
“symbol ¢ represents a flow rate dependent correction to the 
measured value of pump discharge pressure. The location of the 
discharge pressure tap for water and NaK alloy testing differed. 
Data for both taps were taken during water testing from which 
the values of c were deduced. 


For water, 


— P,,) — 3 + (1.127 X 10-*) Q*, and 


— Py.) +¢ + (1.127 XK 10-*) Q?, and 


_ 231 0. 3 tie. 
sp gr 
DISCUSSION 
V. Salemann® 


The author and his associates have performed the difficult task 
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of measuring cavitating performance of a centrifugal pump on 
NaK at 1500 F. Having worked with water at 400 deg, this 
discusser can appreciate the difficulties in handling a fluid at 
1500 F, and a dangerous one at that. It is almost lamentable 
that the paper was not made more interesting by some unex- 
pected results which are not entirely due to experimental ac- 
curacy. 

Theoretically, cavitation inception is independent of fluid prop- 
erties. The point used by the author, however, is really “‘per- 
formance drop inception’”’ and could be expected to be retarded 
if certain thermodynamic effects are strong. I do not know of a 
theory that would advance either point of inception in any fluid. 
The results obtained in this paper, that NaK, on the average, 
needs more NPSH than water, are therefore either experimental 
errors or results of poor vapor pressure and specific gravity data. 
It may be significant that whenever the NPSH values differed, 
the noncavitating head also differed for the two fluids. 

It is questionable whether extensive testing on other pumps 
would be useful. In the absence of thermodynamic suppression 
cavitating performance may be predicted for any fluid. These 
tests show that up to 1500 F there is no thermodynamic suppres- 
sion on NaK. Future tests are advisable at higher temperatures 
or with other liquids. In practice, however, temperature-de- 
pendent suppression cannot be fully utilized if dependable opera- 
tion is required, and transient temperature changes are possible. 


Author’s Closure 


Mr. Salemann’s comments are very illuminating; however, it 
is mildly confusing to note in one comment that “theoretically, 
cavitation inception is independent of fluid properties,’ and in 
another comment that “future tests are advisible at higher tem- 
peratures or with other liquids.” 
visability of further testing. 


The author agrees to the ad- 
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80 Ni-20 Cr Alloys 


The creep-rupture properties and the creep behavior of a series of 80 Ni-20 Cr alloys 
were investigated over the 1200 to 1800-F range 
melted and three air-melted alloys 


In the group were two vacuum- 
Among these five heats there were small but im- 


portant differences in minor constituents such as silicon, manganese, sulfur, and 
possible tramp elements, primarily as a result of the melting practice in each case. 
Of particular interest in this study was the variation in ductility which the various 
alloys exhibited in creep-rupture tests which lasted from a few minutes to more than 
A close examination of ductility behavior was undertaken by breaking down 


the creep curve into primary, secondary, and third-stage creep as a function of stress 


and temperature 


It ts shown that the stress-rupture properties are not affected over a 


wide temperature and stress range by a change in minor constituents, whereas the 
ductility behavior can vary considerably 


om” TERM “DUCTILITY’’ as it is commonly used is 
seldom accurately defined. Ductility may be the product of a 
tensile test or a bend test; it can be an evaluation of elongation 
over a variable gage length or reduction of area for different 
diameters; or it can be a measurement from creep-rupture tests 
where temperature and strain rate should be specified. In low- 
temperature testing, ductile materials generally fail after some 
measurable necking, le ading to a discontinuous rate of change of 
cross section; at high temperatures, high-strain-rate tests show 
necking in ductile materials, but complete absence of necking in 
low-strain-rate tests, accompanied by intercrystalline cracking 
Intercrystalline cracking has a greater effect on the measured 
elongation values and a small effect on the reduction-of-area 
values. Since a material has lost essentially all of its usefulness 
48 8000 4&8 inte reryst alline crac king has become a signihcant fac- 
tor, it 


is quite important to know when such intercrystalline 


what rate the cracks 


Equally important are the distributior 


cracking takes place and at progress 
of these cracks and their 
rate of propagation. 

It is now well known that creep behavior, in terms of strength 
or ductility, can be markedly influenced by minor constituents 
and impurity elements. Small amounts of lead, bismuth, sulfur, 
and so forth, markedly affect the grain-boundary behavior of many 
metals, resulting in poorer properties. Small additions of boron 
and zirconium, on the other hand, have been shown to .nfluence 
favorably the strength and ductility of the nickel-chromium 
high-temperature alloys hardened with titanium and aluminum, 
especially if vacuum-melted [1 The ability of vacuum melting 
to remove low-melting-point, high-vapor-pressure tramp elements 
is of considerable 


importance in determining the 


Along 
elements from the raw 
materials are phases or constituents which come about from 
deoxidation practice during the melting of these alloys. These, 
too, play an important role in the creep-rupture behavior 


ductility 


behavior of with the 


high-temperature materials 


usual minor constituents or tramp 


1 Numbers in brackets designate References at end of paper. 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, Atlantic City, N. J., November 29—December 4, 
1959, of Tae American Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Manuscript received at ASME Headquarters, July 17, 1959. 
Paper No. 59—A-119. 
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Experimental Procedure 


The compositions of the five nickel-chromium alloys are listed 
in Table 1. It will be noted that three of these are air-melted and 
two are vacuum-melted. The residual elements which were 
determined by chemical analysis are also noted in Table 1 and 
are shown to be quite consistent and at very low levels with one 
or two exceptions. The carbon content is of the order of 0.02 
per cent, the phosphorus content is less than 0.003 per cent, the 
sulfur content is less than 0.004 per cent with the exception of one 
heat, alloy No. 7V, which showed 0.011 per cent sulfur. On the 
other hand, the ratio Mn/S is low in all cases except in alloy 2V 
(Table 1 Iron and manganese are also low in all instances, as 
are the H.S-group metals. Silicon was the major compositional 
variable, having been added as a major alloying constituent in 
three of the alloys 

Alloys 1, 2, and 3 were received in the solution-treated condi- 
tion (2050 F, 1 hr, water quench) and 4 and 5 were hot- 
rolled. Table 1 shows the final heat-treatments used to attain a 
grain size of ASTM 3 to 4 for all of the alloys. Following the 
final solution treatment, all of the alloys were held at 1500 F for 
24 hr in order to precipitate any carbides or nitrides present in 


alloys 


the alloys to prevent an aging effect 

Constant-load creep-rupture tests were carried out on test bars 
with a 0.25-in-diameter xX 1-in-gage section, at temperatures 
from 1000 to 2000 F, although in most instances the bulk of the 
tests were run at 1200, 1500, and 1800 F in air 
selected to produce failure in times from a few seconds to several 


Stresses were 


thousand hours. 

The elongation values of the specimens were measured by 
means of a dial gage attached at the outside of the furnace. 
From prior knowledge of the stress-strain curves for each of these 
different alloys at each different temperature, where plastic 
strain was expected on the full application of load, the specimens 
were first preloaded to about 50 per cent of full load in order to 
take out all of the slack in the holder system, and were then fully 
loaded with tho dial gage in position. A significant number of 
checks indicated that this method of loading permitted a fairly 
accurate determination of the primary creep portion of the creep 
curve. 

Elongation and reduction-of-area values at fracture were deter- 
mined for all specimens. In every case the ruptured specimens 
were carefully examined metallographically to determine what 
types of structural changes had occurred in order to assist in the 
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Table 1 Composition, ting process, and heat-treatment of alloys 
Element, weight per cent - a -~ 
H.S group Mn/S 
Ni } C P Si Fe Mn metals ratio Heat-treatment 
bal. 0.02 0.011 <0.003 0.12 0.07 0.11 <0.05 10 2050 F 1 hr water, 
1500 F 24 hr air 
bal 5S 0.03 0.003 <0.003 3: 0.10 27 <0 .05 90 2050 F, 1 hr water, 
1500 F 24 hr air 
bal : e 0.02 0.003 <0. 003 < 0.12 Ol <0 .05 a.@ 2350 F ! hr water, 
1500 F 24 hr air 
bal. 19.98 0.02 0.002 <0.003 22 0 34 . 01 <0 05 <i 2200 F J hr water, 
1500 F 24 hr air 
bal. 19 96 0.02 0.004 <0.003 0.60 <0.01 <0 U5 ‘ ‘ 2200 F 1 hr water, 
1500 F 24 hr air 
* V means vacuum-melt; A means air-melt. 
> Alloys 4A and 5A were deoxidized by the addition of Al, Ti, B, and Mg; whereas alloys 1V, 2V, and 3A were deoxidized with Ca 


drawing of the log stress versus log rupture time or log minimum 
creep-rate curves. In other instances, creep-rupture tests were 
interrupted prior to fracture in order to study the initiation and 
progress of intercrystalline cracks, to determine the effect of 
nitrogen, and oxygen contamination from the atmosphere, and 
so forth 


Results 


Creep-Rupture Properties. [ ig. | illustrates the behavior of three 
of the alloys on a log stress log rupture time plot at temperatures 
of 1200, 1500, and 1800 F. Based on the actual points and sup- 
ported by metallographic examination of the fractured specimens, 
the convention of drawing the best straight line through various 
portions of the points was followed. The breaks shown in the 
curve are associated with distinct changes in the behavior of the 
material, for example, a transition from ductile transcrystalline 
fracture to intercrystalline fracture. In this way, emphasis can Fig. 1 Log stress versus log rupture life plot of alleys IV, 2V, end 3A at 
: 6. sas . : : 1200, 1500, and 1800 F 
be laid on material instabilities which result in a marked change 
in the rate of load-carrying capacity or creep resistance [2]. 
. <P a "tra vacuum-melted alloys show superior strength over the entire 
Examination of Fig. 1 indicates that these curves are made up - : 
. oie stress range, although the degree of superiority changes as a func- 
of three distinct sections, namely: . . . f 
: tion of the stress. At 1500 F, the vacuum-melted product is 
1 At high stresses (short rupture-life tests) the curves are superior at high stresses, inferior at intermediate stresses, and 
quite flat, high ductility values were recorded, and there is a approximately equivalert at low stresses. The behavior pattern 
complete absence of intercrystalline fractures or failure. at 1800 F is also variable, with the air-melted material first super- 
2 Following the first break in these curves, at intermediate jor and ultimately inferior to the vacuum-melted material. The 
stress levels, the material undergoes progressively more severe _|ow-silicon alloy, vacuum-melted, also goes through the same type 
intererystalline cracking, and failure is by means of an intercrys- of variation of showing superiority at certain stresses and inferior 


talline mechanism. The longer the rupture time, the more severe properties at other temperatures and stresses. On this basis, it 


the intercrystalline cracking. Through this temperature-stress would be exceedingly difficult to try to establish superiority among 
region there is a distinct decrease in the ductility of the alloys, these alloys and for these test conditions either on the basis of 
showing a minimum in ductility at the end of this intermediate- the higher-silicon content or on the basis of the vacuum-melting 


stress region procedure. 


3 At the lowest stresses (the longest rupture-life tests) the When comparisons were made among the alloys on the basis of 
slopes of these log-log curves show a break in the upward direc- minimum creep rate, a comparable disposition of curves was 
tion, indicating a strengthening effect instead of the usual weak- noted as in Fig. 1. The creep-rupture properties of alloys 4A 
ening effect which is normally associated with long-time tests and and 5A are listed in Table 3 and in the Appendix. The values 
structural instabilities. This type of behavior has been noted in indicate that both these materials have a lower creep strength 
other materials and is associated with any one or several of the at all temperatures and stress levels. 


following changes: (a) Grain growth (but not classical recrys- Characteristics of Creep Curves. Of particular interest was the 


tallization), (6) nitrogen solution from the atmosphere and nitride change in the nature of the creep curve, both as a function of the 
formation, (c) internal oxidation, (d) oxidation of the surface of 


stress at. any one temperature and as a function of the test tem- 
the specimen and of the intercrystalline cracks. perature. Without attempting to classify in an absolute sense or 

Because of the involved and lengthy discussion necessary to oversimplify the problem, there were several types of curves 
describe this phase of the material behavior, the results will appear observed which were related to the test stress and temperature. 
in a separate technical paper [6] lhese several different types of curves are: 

Fig. 1, more specifically, shows the variation of rupture life as a 1 The classical type of creep curve in which there is significant 
function of stress for two vacuum-melted alloys, one low-silicon primary creep, which varies from less than one per cent to as 
and the other high-silicon, and for an air-melted alloy of high- much as 30 per cent for some of the high-stress tests, with a well- 
silicon content.? It will be noted at 1200 F that the high-silicon defined secondary or steady-state creep portion, followed by an 

? In all illustrations, the alloys are identified as 1V, 2V, 3A, and so accelerating creep rate in the third stage. : This type of curve 
forth, for convenience. Please refer to Table 1. was obtained for all of the alloys at the high stresses and was 
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Fig. 2 Creep curves for alloys 1V, 2V, and 3A tested at 1200 F and 
50,000 psi 


observed more extensively at the lower temperatures. Asso- 
ciated with this type of creep curve was a tendency for transcrys- 
talline fracture, with distinct necking of the specimen at fracture 
The third stage of creep was associated with necking of the speci- 
men. Typical curves are shown in Fig. 2 for each of the three 
different alloys which are summarized in Fig. 1. 

2 Creep curves with essentially no observable primary creep. 
These curves appear to start at the origin with a constantly accel- 
erating creep rate, the acceleration being quite slow at first, but 
then going into a rapidly accelerating third-stage region leading 
to fracture. In curves of this sort, it is exceedingly difficult to 
find a steady-state creep portion or to Measure a Minimum creep 
rate. It is frequently easier to measure the creep rate at some 
fixed amount of plastic strain, such as 0.5 to 1 per cent This 
type of creep curve was obtained predominantly at intermediate 
stresses at all test temperatures For these alloys, these curves 
are associated with intercrystalline fracture in the creep-rupture 


tests 


Typical curves of this type are shown in Fig. 3 


3 Creep curves with two minimum creep-rate regions. A 
complex creep curve was obtained where a strengthening effect 
took place due to reaction with the atmosphere at 1800 F and for 
longer periods of time at 1500 F. The first portion of these creep 
described under item 2. As 
the creep curve begins to enter third-stage creep, which undoubt- 


curves is similar to that already 
edly indicates some significant amount of intererystalline crack- 
ing, there is apparently a reaction with the atmosphere which 
brings about a decreasing rate of creep and the re-establishment 
of another minimum creep-rate period [3]. When the curve 
re-enters third-stage creep for the second time, it goes on to rup- 
ture, thereby giving essentially two creep curves in sequence. 
It is interesting to note that the second part of the curve shows a 
longer period of decreasing creep than does the first part. Typical 
curves of this sort are shown in Fig. 4(u), and with enlargement 
of the first portion of the creep curves in Fig. 4(b). 


If one now examines the different alloys with respect to the 
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Fig.3 Creep curves for alloys 2V and 3A tested at 1500 F and 6000 psi 


creep curves at different stress levels, the following observations 
can be made: 


1 At alloy 4, high-silicon, 
shows the smallest amount of primary creep and the largest 


high stresses vacuum-melted, 


amount of second-stage creep. 


2 At intermediate stresses—here the differences in the shape 


of the curves for the different materials are almost insignificant 
3 Low the anomaly of two minimum creep-rate 
periods is noted for all of the alloys; 


stresses 
however, it is strongest in 
alloy 3 (vacuum-melted, low-silicon 

Ductility Observations. 
of looking at the total elongation or the reduction of area at 


If one were to follow the usual convention 


fracture, useful and interesting information would be gained, as 
is indicated by a close examination of Fig. 5 


(a) Total Elongation. 5 summarizes the change in total 
elongation as a function of the rupture time at 1200, 1500, and 
1800 F for the high-silicon alloys, one in the vacuum-melted 
condition, and the the 
obvious that the total ductility 
melted of the order of two to three times those 
shown by the air-melted material. 


Fig 


yther in air-melted condition It is 


fairly values for the vacuum- 


material are 


Except for the 1200-F tests, both materials show a distinct 
minimum in ductility between 10 and 1000-hr rupture life at 
1500 and 1800 F. 

The change in ductility in going from the short-time stress- 
rupture tests to those which yield the minimum values in duc- 
tility is much more pronounced in the vacuum-melted alloys 
than in the air-melted materials 

At 1200 F the total elongation for the vacuum-melted as well 
as for the air-melted material changes but slightly. There is 
evidence of a slight tendency for the ductility to be decreasing 
in the longer time tests, but this is a small trend, and slightly 
more marked in the case of the air-melted alloy. 


At 1500 F, the vacuum-melted alloy shows a minimum in duc- 


DECEMBER 1960 


831 








Fracture after 
2908 hours 


« =102% tot 





300 400 


me in hours 


Fig. 4(c) Creep curves for alloys 1V, 2V, and 3A tested at 1800 F and 
2500 psi 
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Fig. 4(b) Enlargement of first position of creep curves in Fig. 4(a) 
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Fig. 5 Total elongation as a function of log rupture life for alloys 2V and 3A tested at 1200, 1500, and 1800 F 


tility at about 400 hr, but shows a sharp recovery in a test lasting 


about 1000 hr. There is an equal drop for the air-melted mate- 
rial, but there seems to be no recovery in the ductility in the longer- 
time tests. 

At 1800 F, the short-rupture-time ductilities are extremely high, 
but fall very sharply to a minimum in tests lasting about 40 hr, 
followed by a sharp recovery in ductility in a fashion similar to 
that noted for the vacuum-melted material at 1500 F, except that 
the recovery is considerably greater at 1800 F. 


832 


In the air- 
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melted materials, there is also a drop to a minimum in the vicinity 
of about 10-hr with a slight recovery in the longer time tests. 

(b) Reduction of Area. Fig. 6 is similar to Fig. 5 except that values 
of the reduction of area are plotted against rupture life. The 
general observations which were made regarding total ductility 
seem to be substantiated in kind by the reduction of area. There 
are several exceptions to this, but the exceptions are primarily in 
degree of change rather than in the direction of the change. For 
example, at both 1500 and 1800 F the recovery of the reduction- 
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Fig.6 Reduction of area as a function of log rupture life for alloys 2V and 
3A tested at 1200, 1500, and 1800 F 


of-area values after the minimum values had been reached are 
considerably smaller than was noted in the case of the elongation 
values. In the air-melted materials, there is no evidence of a 
recovery of reduction-of-area values in the longer time tests. A 
minimum is reached which appears to level off in this region 
without any evidence of a return to higher values such as was 
noted at 1800 F in terms of total ductility 

As in the case with elongation, the reduction-of-area values for 
the vacuum-melted high-silicon alloy are generally two to three 
times as high as for the air-melted alloy. 

(c) Primary and Second-Stage Creep Valves. From a design point of 
view, it is of prime interest to know the amount of plastic defor- 
mation which a material undergoes in primary and second-stage 
creep. Because of the marked changes which were noted in 
Figs. 3 and 4 in primary creep, it appeared desirable to determine 
whether primary and secondary creep were functions of the 
While difficulties were 
encountered in accurately defining first-stage and second-stage 


applied stress and the test temperature 


creep, nevertheless approximate limits could be placed on both 
these quantities to determine the direction of the effect, even 
though absolute values could not be determined. 


Fig. 7 is a plot of primary creep as a function of the rupture 
time for the high-silicon vacuum-melted and air-melted alloys. 
It will be noted that primary creep tends to be relatively large in 
short-time tests, generally being higher the lower the temperature. 
In most instances, those stresses which would give a rupture life 
of 100 hr or more resulted in no primary creep. This would 
mean that in tests exceeding 100 hr, the creep curves start from 
the origin at an accelerated rate practically from the very begin- 
ning. Comparing the vacuum-melted with the air-melted alloy, 
differences in primary creep can be observed with tests at 1200 F. 
This is not unexpected if the yield stress of the different materials 
is considered (see Table 2). Since alloy 3A has a lower yield at 
1200 F, a larger amount of first-stage creep can be expected 
Such a 
difference in primary creep has been reported recently [3] based 
on studies made of the creep behavior of some nichrome-type 
They further observed that the grain size had an impor- 
tant effect on the amount of primary creep for given test condi- 


when the applied stress is higher than the yield stress. 


alloys 


tions. 


Table 2. Tensile tests at elevated temperatures 
Total Reduction 
Yield, strength, elongation of area 
no. psi psi per cent per cent 
iV 1200 15,300 58,000 34.3 37.7 
1500 10,000 28,900 38.5 35.: 
1800 10,900 60.6 44 
1200 17 ,300 58, 100 62.2 63 
1500 10,600 31,400 110 87 
1800 11,000 148 94 
1200 1: 60 ,000 35 32 
1500 if 28 , 400 49 42 
1800 12,000 58.2 36 


Tensile 


Temp, 
deg 
F 


Alloy 


700 
600 


Fig. 8 is a plot of the amount of second-stage creep as a function 
of rupture life for the same two alloys at 1200, 1500, and 1800 F 
Again, it was exceedingly difficult to define the limits of second- 
stage creep; nevertheless, Fig. 8 shows the direction of this effect 
The most that can be said is that the amount of second-stage 
creep appears to be a relatively constant quantity which is not 
particularly dependent either on the test temperature or on the 
Because of the lack of a trend with temperature or 
with stress for either alloy, at best it might be said that the change 
in the amount of second-stage creep is relatively insensitive to 
temperature and to stress. 

Accordingly, to explain the large difference in total elongation 
which exists between the vacuum and the air-melted products, 


stress. 








10 100 000 
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Fig. 7 Primary elongation as a functi 
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Fig.9 Log rupture life versus minimum creep-rate plot of alloys 2V and 3A tested at 1200, 1500, and 1800 F 


it is obvious that the vacuum-melted material must show a 
vastly larger amount of third-stage creep since the total of first plus 
second-stage creep is essentially comparable. This situation 
appears to hold at all three temperatures. 

(d) Relationship Between Creep Rate and Rupture Life. It has been 
indicated in previous work [4, 5] that a plot of the logarithm of 
the minimum creep rate (mcr) versus the logarithm of the rupture 
life ¢, appears to be an approximate measure of the ductility 
behavior of an alloy. As an approximation, such a plot when 
summarizing data over a wide temperature and stress range 
gives a straight line with a slope of approximately —1. The 
equation which applied in this instance is 
834 
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log t, + m log (mer) = K 
where m is the slope and K is a constant. 

More careful analysis of large quantities of data obtained under 
closely controlled conditions appears to indicate that the value of 
m is not 1, but varies between about —0.7 and about —1.2. 
It was further observed that the value K is an approximate 
measure of ductility 

If the values of rupture life and creep rate for alloys 4 and 5 
are plotted in this way, Fig. 9 shows the distribution of points. 
It is quite obvious that the scatter of points can be encompassed 


between two lines which yield a band of slope —1. However, if 
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one examines the individual sets of points for each alloy, one about 60, 40, and 20 per cent reduction-of-area regions to show 


notices that there is a distinct difference in the distribution of — the effect of stress, temperature, and rupture time on ductility 
these points within the scatter band based on ductility values It will be noted that 

One notes that at short rupture times the vacuum-melted and . 
: 1 The minimum ductility falls at an intermediate stress or 


air-melted alloys yield points which are approximately equally : 
LP rupture-life region (based on actually encountering such areas at 


distributed; on the other hand, for rupture-life values in excess . 
four higher temperatures), rather than necessarily at the 


of 1 to 10 hours, it is quite obvious that the points for the air- : 
very lowest stresses. Such a minimum in ductility might not 


melted alloy are on the lower side of the scatter band (indicatior 
be achieved at 1000 to 1200 | except in long periods of time. 


of low ductility), whereas the vacuum-melted points are on the . ‘ 
Such 4 minimum is indicated to exist in the vicinity of a 10,000-hr 


upper side of the band (indication of high ductility If individual 
rupture life at 1200 F, based on extrapolation 


curves were drawn through these two sets of points for each alloy ‘ 


Che stress interval over which the minimum ductili 
the con ints from the loregoing juati it each temperature . 
; occurs becomes relatively sn it higher temperatures 
would be such iS to I il“ I at i Ly sua it? the 

3 The mini l Value noted vas at 1500 I u per cent and 


vacuum-melted material thar r the air-n ( Mik rial, in ne 


was higher at both 1650 and 1800 F. It would not be unexpected 


with observed values : 
imum at 1350 F wv wer thar t 1500 I 


Because reduction-ol-area valu ut indication ol . 

ductility in creep-rupture | Avi have been I ictility values of alloys 1V, 4A, and 5A are not included 
plotted for alloy 2V in a lo re time plot in plots dis d i \is paragraph; they are listed in the 
Fig. 10. Dashed curves hav een utilized t parate zones « ppendix and partially i ible 3 Alloy 1V has much lower 


Table 3 Stress and reduction of area of designated rupture life 
—10 hr - — 100 hr——. — 1000 hr———. 
Reduction Reductior Reduction 
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Fig. 10 Log stress versus log rupture life plot of alloy 2V showing ductility in terms of reduction of area as a function of stress 
and temperature 
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ductility than the vacuum-melted alloy 2V. (Values are about 
comparable to those of alloy 3A.) Total elongation and reduc- 
tion of area of both alloys 4A and 5A are even lower at all tem- 
peratures and stresses. 


Discussion and Conclusions 


Processing variables and minor constituents would certainly 
appear to play a significant role in the over-all stress-rupture 
properties of 80-Ni 20-Cr type alloys. The effect of melting 
variables and minor constituents and tramp elements appears to 
affect different properties both as a function of temperature and 
stress. 

In terms of rupture life or a stress for a given rupture time, the 
results are not entirely predictable; the vacuum-melted high- 
silicon alloy shows, for example, superiority at 1200 F at high 
The 
same effect would hold in the case of the measurements of the 
minimum creep rate. 


and very low stresses, but not at intermediate stresses. 


Even the presence of a significant amount 
of silicon as an alloying element does not play a predictable role 
in affecting either the rupture life or the minimum creep rate 
over a wide temperature or stress range. 

Perhaps a much more interesting effect of vacuum melting 
versus air melting is noted in the ductility behavior of these alloys 
when tested in air. Observations of first-stage and second-stage 
creep indicate that the variation between air-melted and vacuum- 


melted material is small. Furthermore, the addition of silicon 


does not appear to change this observation significantly. On 
the other hand, comparison of the two alloys in terms of total 
elongation or reduction of area at fracture shows a large difference, 
amounting to two or three times greater ductility values for the 
This 


superiority appears to be maintained at all three test temperatures 


vacuum-melted material than for the air-melted material. 


' 
and 


at all rupture times from a few seconds to well over a thou- 


sand nours 


Under these circumstances, it would appear that strength based 


on a maximum permissible deformation of the order of only 
or 1 per cent, would indicate no superiority for the vacuum- 
melted product. On the other hand, as a safety factor, or in 


terms of the nature of intercrystalline crack formation and 
propagation, there are significant differences between the vacuum- 
melted and the air-melted product. 

Reduction-of-area values, while comparable to total-elongation 
values in terms of amount and direction of change, are preferred 
and give more reproducible values than do the total-elongation 
values, which are affected to a greater degree by the amount of 
intererystalline cracking which occurs during third-stage creep. 
Intercrystalline crack propagation, being approximately normal 
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to the stress direction, affects the reduction-of-area values to a 
smaller extent. 

In comparing the various alloys in terms of ductility, it is noted 
that the high-silicon vacuum-melted alloy 2V shows significantly 
higher ductilities. A close examination of the creep curves shows 
that the difference is due primarily to the amount of elongation 
which takes place during the third stage of creep. 

Because of the superior ductility of the vacuum-melted alloy, 
it is obvious that improvement in ductility must be associated 
with the elimination of tramp elements, or in a diminution of the 
amount of contaminating constituents normally 
class of air-melted alloys. 


present in this 

On the other hand, the ductility of vacuum-melted alloys can 
still be relatively poor if the chemical composition is slightly 
changed in terms of the Mn/S ratio and/or the silicon content. 
This is illustrated by the behavior of alloy 1V, which has a Mn/S 
ratio that is much lower than that of alloy 2V and a silicon con- 
tent of only 0.12 per cent (compared with 1.33 per cent of alloy 
2V). 


possibly be made in terms of the decreased 


The explanation of the poor ductility values of this alloy can 
yhesion between 
the grains due to low-melting-point sulfides being present in the 
grain boundaries. In addition to that, it seems that 
content influences crack propagation. This is also 
by the behavior of alloys 4A and 5A: A lower silicon content 
but otherwise the same composition, results in 


the silicon 
demonstrated 
5A), 
ver elongation 
and reduction-of-area values. 


Acknowledgment 


The authors wish to express their thanks to the International 
Nickel Company, sponsors of this research progr 


References 


l R. F. Decker, J. P. Rowe, and J. W. Fre I Re 
High-Temperature Properties of Titanium-P um Hardened 
Nickel-Base Alloy to Contamination by Crucib Trans. AIME, 
vol. 212, 1958, p. 686. 

2 N.J. Grant and A. G. Bucklin, “On the Extr 
Time Stress-Rupture Data,”’ Trans. ASM, vol. 42 

3 G. Ya. Kozyrskii, V. A. Kononenko, an Okrainets, 
“Study of Structural Changes in Nickel-Chromium Alloys 
Creep,” Akademit Nauk SSSR, Otdeler 
Nauk, August, 1958, no. 8, pp. 90-92. 

i F.C. Monkman and N. J. “An Er 
Between Rupture Life and Minimum Creep Rate in C 
Tests,’ Trans. ASTM, 1956. 

5 +. D. Gemmell and N. J. Grant, “Effects 
loying on Creep Deformation of Aluminum,” T'r 
1957, p. 417. 

6 R. Widmer and N. J. Grant, ‘‘The Role of At 
Creep-Rupture Behavior of 80 Ni-20 Cr Alloys,” 
issue, pp. 5382-556 


lations of 


on of Short- 
720 

During 
Izvestiya hnischeskikh, 
Grant Relationship 


re ep-Rupture 


id-Solution Al- 
1] ME, vol. 209, 


sphere in the 


put lished in this 


Transactions of the ASME 





APPENDIX 
Summary of the Stress-Rupture Data 


Total Reduction 
Temp, Stress, Rupture elongation, of urea, mcr, Type of 
deg F psi life, hr per cent per cent % per hr fracture* 
Alloy 1V 
1200 50,000 0.90 39 29.5 
45,000 2.3 32 26.7 
30,000 28.1 ol. 18.9 
25,000 69 18.2: 16.9 
20,000 13.3 13.8 
14,000 10.: 9.35 
35,000 45.6 36 
20 000 : 2°26 20 
11,000 5.26 13.8 10.: 
8,000 ; 5 SF 9 


t + 
—— 


7,000 32.5 6.3 6.: 
6.000 ' 0 11.6 6.: 


5,000 59.0 21.4 3 
20.000 0056 
8.000 

+, 000 18 

t. 500 

3.000 

2,750 0.! 
2,500 ‘ 102 


4 63 .{ 
7 19 
5 12 
12 10.: 
3.¢ 7 
) 9.3: 
13 .° 


a ee eee | 


1000 75,000 61 66.5 
70,000 2 5 66.8 68.5 
65,000 64.5 73 
60 ,000 7 67 64 
55.000 70. 
65.000 

60 000 

50.000 

35,000 

30,000 

25 .000 

22,000 

20.000 

18,000 

52,000 0089 

50.000 O18 

40,000 20 
30,000 55 

20,000 0 

15,000 9.2 
12,000 202.0 
10,000 322.9 
9,000 d 7 
8,000 1660.0 
$2,500 0.0020 
40.000 0.0033 
35,000 0.017 
25,000 0.12 
14,000 3.47 
10,000 

8,000 

6,000 

5,500 

5,000 

24,000 

15,000 

8,000 

5,000 

+, 000 

3,500 

3,000 

17,000 

15,000 
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3,000 
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2,500 
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Total Reduction 
Temp, Stress, Rupture elongation, of area, mer, Type of 
deg F psi life, hr per cent per cent % per hr fractures 
Alloy 3A 

1200 55,000 0044 52 
52,000 028 43 

50,000 11 41 

45,000 30 41 

40 , 000 4.7 25 


35,000 2.35 18 
) 


— 


$1 104.0 

3a wd 90 

31. 23 
1Y 
2 
0. 
0.2 
0. 


1000 
2300 
660 


125 


MRIW Ora nwo¢ 


25,000 t 30.: 
20,000 251 .( 


35,000 0055 
32,000 Oll 
30,000 055 
25,000 25 
20,000 . 806 
11,000 2.28 
9,000 30.3 
7,000 : 
6,000 

5,000 


101 OO 


y2 

» 
0 
0 


O25 
; 0.009 
25 ,000 56 0,000 
18,250 5 : 1000.0 
15,000 0 
10,000 0 
8,000 0 
6,000 0 
3,500 18 
2,500 ( : 030 
2,000 019 


im OO be 
Soi 


Alloy tA 


1200 30,000 
20,000 


1500 10,000 
5,000 


L800 3,500 
2,500 

Alloy 5 4 
1200 30,000 
20, 000 


1500 10,000 
5,000 


L800 3,500 
2,500 
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The Extrapolation of Families of Curves by 
Recurrence Relations, With Application 


to Creep-Rupture Data 


A method using finite 
of families of curves 


for 


several materials and 


lifference recurrence relations is presented for direct extrapolation 


The method is illustrated by applications to creep-rupture data 


it is shown that good results can be obtained without the 


necessity for any of the usual parameter concepts 


Introduction 


| PROBLEM ol 


many applications in engineering practice 


extrapolating sets of data finds 


An example which 


will be treated in detail in this report is the extrapolation ol 


short-time creep-rupture data to predict long time life 

rhe present day techniques for the extrapolation of creep-rup- 
ture data are based primarily on the time-temperature parameter 
concept. It is generally assumed that all creep-rupture data for 


a given material can be correlated to produce a single master 


curve using as one of the co-ordinates a parameter involving a 
his master curve which 
short time data could then be 
The three best 


Miller, Manson-Haferd 


and te mperature 


combination of time 
can be obtained using primar ly 
known 


used for extrapolation to long times 


parameter methods are the Larsor and 
Dorn parameters [1 to 3 

[hese 
least in 
data to establish the r 


development of the objec tive le 


parameter method ve the great advantage that, at 


theory, they require only a relatively small number of 


iired master curve. In particular, the 
squares method in reference 
[4] makes it possible to obtain the optimum constants containe d 
in the parameters described in references 
ind 


1 
LnAalyst 


| to 3] without plotting 


and crossplotting the dat with the use of a minimum of 
judgment on the part of the 
On the other hand in 


would be advantageous for several reasons 


the parameter methods 
First, these parame- 
ter methods presuppose a knowledge of the existence of some 

rhus it 
the loga- 


form of functional relationship between the variables 


is assumed that, at a constant nominal (initial) stress, 
rithm of rupture time is linearly related to the temperature, for 
the Manson-Haferd parameter 


lute temperature for the 


ind to the reciprocal of the abso- 
Larson-Miller and Dorn parameters. 
For most materials it has been found that such relationships are 


valid in the range of variables investigated. In particular, the 


Manson-Haferd parameter has been shown [5 and 6] to give best 


results in the majority of cases. However, occasionally materials 


are encountered for which none of the parameters are valid 


For example, plots of the logarithm of rupture time against 


temperature or reciprocal of absolute temperature at constant 


nominal stress will not result in straight lines for crucible 422 


i) 


steel [7 In these cases, modification of the parameter methods 
is necessary [7]. 

1 Numbers in brackets designate References at end of paper 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, Atlantic City, N. J.,. November 29—-December 
4, 1959, of Tae American Society oF MEcHANICAL ENGINEERS 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, August 
7, 1959. Paper No. 59—A-155. 
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Secondly, the parameter methods in their usual form give equal 
weight to all the data, whether they be low time or high time 
data 


given long time data 


For extrapolating to long times more weight should be 
The method to be presented attempts to 
overcome these objections as well as providing an independent 
check on the parameter m¢ thods 

The method presented in this paper enables one to extrapolate 
directly a family of curves such as creep-rupture curves without 
The method is based 


on the assumption that a family of curves such as a set of iso- 


assuming any particular parametric form 


thermal curves can be represented approximately by a finite-dif- 


ference recurrence relation. Once the coefficients of this recur- 
rence relation are determined, it is a simple matter to extrapolate 
The method has the ad- 


vantage that it does not require an explicit knowledge or as- 


each member of the family individually. 


sumption as to the analytic character of the curves or as to what 
parametric form to use to correlate the data, although implicitly 
it assumes any of the broad class of functions which satisfy linear 
finite-difference equations. It is thus much more general in na- 
ture than the parametric methods previously discussed and can 
be used by itself to extrapolate creep-rupture data or as an inde- 
pendent check on any of the parameter methods. In addition, 
the method treats the data in such a way as to give more weight 
to the higher time data than to the lower time data 

Several examples of the use of the method are described in de- 
tail in the body of the paper, and the results of this type of ex- 
trapolation on the creep-rupture curves of several materials are 
presented. The use of this method is, of course, not restricted to 
creep-rupture data, and several examples of other type curves 
such as Bessel functions, Legendre polynomials, and power func- 
tions, are presented. 


Method 


The usual method for extrapolating a curve is to assume some 
explicit functional relation between the ordinate y and the ab- 
scissa z. The present method assumes instead a linear relation 
between successive equally spaced ordinates without directly 
introducing the abscissa z. Thus consider a section of a curve 
such as the solid line from 0 to 60 deg in Fig. 1. This section is 
actually part of a sine curve; however, assume that this is not 
known and that it is desired to extrapolate the curve. This can 
be done in several ways and, as previously mentioned, the one 
that is generally used is to fit the known curve by some assumed 
For 


example, a polynomial such as a parabola or cubic can be fitted 


function and to then use this function for extrapolation. 
to the curve. While assumptions of this type usually yield very 
good values when interpolating they are usually poor in extrapo- 
lating more than a short distance beyond the end of the curve. 
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Fig. 1 Extrapolation of sin x 


Table 1 
sin z, extrapolated 


Extrapolation of sin x 
z, deg sin z, exact 
0 0 
10 0.1736 
20 0.3420 
30 0.5000 
40 0.6428 
50 0.7660 
60 0.8660 
70 .9397 0.9397 
80 .9840 0.9848 
90 .000 1.000 
100 9848 0.9848 
110 .9396 0.9397 
120 . 8658 0.8660 
130 . 7657 0.7660 
140 .6423 0.6428 
150 .4993 0.5000 
160 3411 0.3420 
170 .1725 0.1736 
180 .0014 0 
200 3439 .3420 
220 .6451 .6428 
240 . 8685 —0.8660 
260 .9871 .9848 
280 . 9864 .9848 
300 . 8666 8660 
320 .6421 6428 
340 3401 .3420 
360 0031 


If, however, the sine function were chosen to fit this curve, then 
in the foregoing case it would obviously give excellent results. 
Thus, although for interpolating purposes it is possible to fit a 
curve by many different functions, the extrapolated values will, in 
general, be very sensitive to the function used. 

The present method avoids this difficulty by working directly 
with successive values of the ordinates of the curve rather than 
assuming any functional relation between the co-ordinates. A 
linear relation is sought between successive ordinates on the 
curve of the following form 

Ys = Aiyi-n + Asyi-2 +... + AQYi-g (1) 
where y; represents the value of the dependent variable at the end 
of the ith interval, and the A; are constants to be determined. 
Equation (1) gives the value of the ordinate at the 7th station in 
terms of the values at the g previous stations. Once the value at 
the ith station is computed, this value is used together with the 
q — 1 values preceding it, to calculate the value at the (i + 1)st 
station. In this way successive ordinates can be computed in 
terms of the previous ordinates. 


840 


DECEMBER 1960 


Results for theoretical stress-rupture curves given by 


T — 600 | 9326 
81.8(9.5 — log #) 


log ¢@ = 5.131 — [ 


Equation (1) can, for example, be obtained from a differential 
equation. Thus, consider the differential equation associated 
with the sine function 


d*y | 
+y=0 
dz? 
writing (2) in finite difference form gives 


Yior — 24, + Yi 


(Az)? 


i 


+¥%= 


Yior = (2 — (Az)? ]y; — yin (3) 


which is an equation of the form of (1) relating the ordinates of the 
sine curve to each other. In the general case, of course, the dif- 
ferential equation for the curve is not known. The coefficients 
A ; appearing in (1) can, however, be obtained from the ordinates 
of the curve by least squares as will be subsequently described. 

One additional assumption is necessary in order to apply the 
present method to a family of curves. Just as equation (3) is 
valid for any one of an infinite family of sine curves of the same 
frequency (the members of the family can have different ampli- 
tudes or different phase angles), so it will be assumed in general 
that all the members of the family of curves to be extrapolated 
are represented by the same recurrence relation of the form of 
(1). 
equation (1) is given in the Appendix. 

In order to determine the coefficients A ; of equation (1) use is 
made of least squares. Consider a family of curves to be ex- 
trapolated as for example in Fig. 2. In general, these will be ob- 
tained by fairing by eye the best curves through the data points. 
Choose n equally spaced stations for each member of the family. 
(These stations need not be chosen at the same values of the 
abscissas for every member of the family, but the spacing must be 
the same.) Choose the order q of the recurrence relation to be 
used (usually, gq = 3 or 4). For each member of the family write 
a recurrence relation of the form of (1), as follows 


A more extensive discussion of the origin and validity of 
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AM: a +t Asy, 


where y, represents the value of the dependent variable at the 
end of the kth interval and the superscript represents the member 
of the family under consideration. It should be noted that ¢ can- 
not be greater than the number of intervals chosen 

The A ; are now chosen so that the recurrence relation (4) will 
To do this the usual 
least squares method of minimizing the sum of the squares of the 


best represent the data in the given range. 


residuals is used. Thus, the following sum is here minimized 


m ” 
“ = 
o> >» 
head . Gut 
p=1k=q+1 


Differentiating S with respect to each of the A, and setting the 
results equal to zero, to find the optimum values of the A ,; results 


} 


in the following set of simultaneous equations for the coefficients. 


riA 


where the coefficients r,;, are given by 


n 


m 
_ nN 

ae 
. hod _ hed 


p=lk=q+1 


Once the A; are determined from (6), each member of the family 


can be extrapolated using (4), as previously explained 


Examples 


As a first illustration consider the simple case of extrapolating a 
single sine curve as shown in Fig. 1. The values of the sine func- 
tion are assumed to be given between 0 and 60 deg and it is de- 
sired to extrapolate by the method presented herein. Choose 


seven equally spaced stations so that 


= sin0° =0 
» = sin 10° = 0.1736 Ye = sin 50° 
20° = 0.3420 ¥; = sin 60° 
= 0.5000 


0.6428 
0.7660 
0.8660 


y,; = sin 40° 


= sin 


44 = sin 30° 


Let q = 2 then from (1 


and from (7 


t Use + Yat 4 Ysa T Yes 


+ ys? + ys? + ye? + ys? 
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Yaa + Yas + Ys + Yor 


Tn = w= Y2¥e T Yale T Yas T VYstr 


Substituting the values for y; through y; gives 
fu = 1.3970488 
Tir = Tn = 1.0441560 
Tor = 0.81029280 
ro = 1.7075120 
To90 = 1.2463024 
Substituting into equation (6) and solving gives 
A, = 1.96975 
1, = —1. 00016 
Therefore 
i — 1.00016y;. 
Thus at 70 deg 
1.96975y, — 


1.00016. 


i = 


= 1.96975(0.8660) — 1.00016(0.7660 


= 0.9397 


continuing this way the values of y = sin z have been computed 
up to 360 deg and compared with the exact values in Table 1 and 
Fig. 1 

As a second example, a family of curves was chosen simulating 
a set of stress-rupture data. It was assumed that an equation can 


be written for this family similar in form to those proposed in 


- T — 600 2.9326 
81.8(9.5 — log t 


The curves represented by equation (8) are plotted in Fig 


reference 
log o 


») 
for four temperatures. Again take seven stations (n = 7) equally 
spaced from log t = 1 tologt = 3asshown. The values of y,? 
are shown in 
In this 
The products for all four 


Thus, for example, tak- 


for these stations as computed from equation (8 
Table 2 The Ves 


case we have a double summation 


are now computed from equation (7 


curves (m = 4 
ing q = 2: 


must be added together 


T _ 600 3.9326 
81.8(9.5 — log #) 


1300° 


Table2 Valves oflogo = 5.131 — [ 


4 1100° 1200° 1400° 

log t 

1.0 751 482 

1.333 4.703 401 
.667 648 306 
.000 582 194 
333 504 061 
667 .410 .900 
000 296 706 


w 


622 
434 
214 
953 
2 
269 
.817 


841 


4.111 
3.984 
3.835 
3.659 
3.449 
3.197 
2.891 


3 to to Ge 


- b 


DECEMBER 





Once the r,; are computed, equation (6) is solved for the A; and _ tained using only a second-order recurrence relation (q = 2). As 
the extrapolation is then carried out for each curve from the rela- a matter of fact, little or no improvement can be obtained by 
tions going to higher values. However, this is to be expected since the 
governing differential equation is of the second order. It is seen 
from equations (2) and (3) that a recurrence relation with g equal 
2+ Assy. to 2 is sufficient to describe the sine function. Asa matter of fact, 
due’ taking Az equal to 10 deg or 0.174533 radians gives from equation 
414i-1 2 LY i—-2 (3) 


Ayyia™ + Aryi-2 


= Ajyi-r' 


(4 y 7.7 
Ayi-1 A2Yi-2 Yior = 1.96954y, — y, 


The vw: > ‘ > te faee “re: mm 4 59 ‘ 
The values obtained for this case were: Ay = 2.2052, A: = which is seen to be very close to the values previously obtained by 
—1.2048. The results for this calculation are shown in Fig. 2. the method presented herein 

Vig 2 shows the results obtained for the theoretical set of 


Results and Discussion 
Fig. 1 and Table 1 show the results of extrapolating sin z by the 


method presented herein. It is seen that excellent results are ob- 
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Fig. 5 Extrapolation of curves based on Dorn equation 
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Fig. 3 Results of extrapolating stress-rupture curves based on Manson- eT +460 
Haferd parameter by recurrence relation and Larson-Miller parameter e***(log 0)? , 
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Fig. 6 Extrapolation of curves based on Conrad equation 


Fig. 4 Results of extrapolating stress-rupture curves based on Larson- 60,600 _¢ 


Miller parameter by recurrence relation and Manson-Haferd parameter t = 3.24 X 10% eT +460 ¢@ (7) 
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Fig. 9 Results of extrapolating alloy A-286. Data from reference [6]. 
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Fig. 11 Results for crucible 422 steel. Data from reference | 
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Fig. 8 Results of extrapolating alloy Nimonic 80A. Data ‘from refer- 


ence (6). 


Fig. 10 Results of extrapolation for killed carbon steel. Data from 


reference (10. 
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Fig. 12 Results of 18-8 stainless. Data from reference (2). 
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creep-rupture curves as given by equation (8). The extrapola- 
tions were made with q equal to 2, 3, and 4, and it is seen that 
there is no significant difference between the results obtained for ¢ 
equal 3 and those obtained for q equal 4. In both cases the 
extrapolated values up to a hundred thousand hours shows excel- 
lent agreement with the theoretically exact values. 

The generality of the present method for creep-rupture applica- 
tion was tested by trying it for several cases where one or another 
of the parameter methods could not be expected to give good re- 
sults. Thus if one took a set of data given exactly by the Manson- 
Haferd parameter equation (8) and tried to correlate and ex- 
trapolate these data by the Larson-Miller parameter, one would 
not expect to obtain good results. This was done as shown in Fig. 
3. Using the data exactly satisfying the Manson-Haferd parame- 
ter equation (8) in 10-1000 hour range, the best value of the 
Larson-Miller parameter C was computed by the method of 
reference [4]. The value of C was determined as 18, and a 
master curve was then constructed and the isothermals extrapo- 
lated as shown in Fig. 3. It is seen that as expected the ex- 
However, using the same data between 
10 and 1000 hours, the extrapolation obtained by the recurrence 
relation method gives excellent results as previously shown in Fig. 


2 and repeated in Fig. 3. 


trapolation is very poor. 


A second calculation was then made using the reverse proce- 
dure. A set of data exactly satisfying the Larson-Miller parame- 
ter was generated by the equation 


(log ¢ + 18)(7 + 460) = 33,500(5.13 — log o)*'!* — (9) 


The data obtained by this equation are very close to those ob- 
tained from equation (8) in the range between 10 and 1000 hours. 
These data were then used to obtain the best values of the con- 
, stants for the Manson-Haferd parameter and to construct a 
master curve which was then used to extrapolate the original iso- 
thermals. The results are shown in Fig. 4 and as expected the 
extrapolation by the Manson-Haferd parameter for this case was 
not very good. However, again as can be seen the extrapolation 
obtained by the recurrence relation, using the same data, is ex- 
cellent. 

The calculations shown in Figs. 3 and 4 indicate the greater 
generality of the proposed method. The recurrence relation tech- 
nique can be used whether the data are best fitted by the Larson- 
Miller parameter or the Manson-Haferd parameter. As a further 
test the method was applied to sets of data generated by use of 
the Dorn parameter and the recently proposed equation by Con- 
rad [8]. The results are shown in Figs. 5 and 6, and it is seen that 
the agreement is very good. 

In the previous examples the values of the ordinates required 
to calculate the r;; by equation (7) were precisely known, since 
they were obtained from exact mathematical expressions such as 
equations (8) and (9). It might be expected therefore that these 
input data would reflect implicitly the shape of the curves even 
at a distance relatively far from the initial range of the data used 
In practice, however, the data are given experimentally, and the 
input data for equation (7) are therefore much cruder than in the 
examples given. The extrapolation in this case might therefore 
not be quite so good as previously indicated, particularly if the 
curves have a large amount of curvature in the extrapolated range. 

The method was therefore tried out using the actual creep- 
rupture data for six different materials. The actual data were 
plotted in the range to be used for extrapolating, and curves 
drawn by eye through these data. The values of the ordinates at 
seven equally spaced values of the abscissa were then read from 
these curves, and the coefficients of the finite difference recurrence 
relations obtained. The curves were then extrapolated and the 
results are shown in Figs. 7 through 12. It is seen that good ex- 
trapolation is obtained for all six materials. 

rhe materials in Figs. 7, 8, and 9 were analyzed in reference 
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Fig. 13 Extrapolation of Bessel function, Jo(x) 


[6], where a comparison was made between the Larson-Miller, 

Manson-Haferd, and Dorn parameters. In evaluating the various 
I g 

parameters, reference [6] uses the standard deviation defined by 


l 
D= Vi 2d? 


where D is the standard deviation, d is the deviation of each data 
point, and N is the total number of data points. Part of the re- 
sults comparing the various parameters are reproduced in Table 3. 


Table 3 Standard deviations 


Manson- 
Haferd 
0.430 0.324 
0.235 0.091 
0.172 0.134 


Larson- 
Miller 
.351 
.385 
. 207 


Recurrence 
relation 
0.133 
0.045 
0.148 


Material 
8-590 
Nimonic 80A 
A-286 


Dorn 


In addition, the standard deviations using the method presented 
herein for extrapolation were also computed and added to the 
table. It is seen that the present method gives better results than 
any of the parameters shown. 

Inspection of Figs. 7 through 12 shows that this method gen- 
erally gives good results. However, a note of caution is in order. 
In order to use this method a sufficient number of low time data 
are needed for adequate definition of the basic curves to permit 
proper fairing. If such data are not available then the present 
method cannot be used. It should also be noted that the value of 
q or the number of terms appearing in the recurrence relation 
should not be made too large since it has been found that the 
larger the number of simultaneous equations to be solved the 
greater is the loss in significant figures in carrying out the calcula- 
tions. However, the results for the examples and materials shown 
indicate that in general using a value of g equal to 3 is adequate 
and that very little can be gained by going to higher values of q. 

It is obvious from the foregoing that this method is not re- 
stricted to families of creep-rupture curves. The sine function 
used as an example illustrates that other type curves can be ex- 
trapolated with equal ease. For example, Fig. 13 shows the re- 
sults of applying this method to a Bessel function, Fig. 14 shows 
the results for a Legendre polynomial, and Fig. 15 shows a family 


given by y = z* with n equal to 1/2, 1/3, and '/,. In all these 
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Fig. 14 Extrapolation of Legendre polynomial, Ps(x) 
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Fig. 15 Extrapolation of family of curves given by y = x” 


s indicated in the 
Appendix one would not expect that these functions could be 
represented by finite-difference recurrence relations with constant 
coefficients. It is evident, therefore, that the applications of this 
method can be manifold 


cases good results are obtained, even though 


APPENDIX 
Origins of Finite-Difference Recurrence Relations 


Consider any nth-order ordinary linear differential equation 
with constant coefficients. It is apparent that if each of the 
derivatives appearing in the differential equation is replaced by 
its finite difference equivalence, a finite difference recurrence re- 
lation is obtained relating (n + 1) stations to each other. This 
has already been illustrated by the sine function discussed earlier. 
As another simple example consider the differential equation 


d*y 


) 
de? (10 


in finite difference form this becomes 
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SY; — SY¥in + Yi-2 (11) 


oo, ie 


which is the recurrence relation for a family of parabolas, the 
particular member of the family being determined by the starting 
values. In this particular case the relation (11) is exact since it is 
independent of the step size Az 

It is apparent that, for every family of curves which are 
derivable as the solution of a linear differential equation with con- 
stant coefficients, there exists a corresponding recurrence rela- 
tion. In the general case the recurrence relation can be said to 
approximate the actual function by a function which satisfies a 
linear differential equation with constant coefficients. Moreover, 
since the solution of an ordinary linear differential equation with 
constant coefficients or of the corresponding difference equation 
is generally given in terms of exponentials, it can be said that the 
actual function is being approximated by a sum of exponentials 

There is, however, a great difference between the use of the 
finite difference recurrence relation proposed herein and trying to 
fit the curves by a sum of exponentials. Thus consider this re- 
currence relation 


¥; = Ay; it Awin (12 


and the corresponding exponential solution 


y = Bye™* + Bye™ (13) 
Equations such as (13) have been used for interpolating purposes 
as, for example, in the Prony method [11]. Equation (12) con- 
tains two unknown constants which can be evaluated from four 
successive ordinates by writing down two such equations as (12 
for two successive values of i. Equation (13), however, requires 
the evaluation of four constants: B,, B:, a, and a. 
these constants will in general be complex numbers. 


Moreover, 
The genera- 
tion of the curve represented by (12) of course requires four 
values, A;, As, y;-1, and y;~s, just as for (13). 

This advantage of the use of (12) over (13) becomes even more 
evident if a family of curves is considered. Equation (12) re- 
mains the same with just two constants required, each member of 
the family being generated from its two starting values. The use 
of (13), however, requires the evaluation of a different set of con- 
stants B, and B, for each member of the family 

The major advantage of (12) over (13), however, lies in the ease 
with which least squares can be used to determine the unknown 
coefhcients. Using (12) one can find the best values of the con- 
stants to fit all the data by conventional application of least 
squares procedures. This case is brought about by the fact that 
the least squares equations are linear in the unknown constants. 
An attempt to find the best fit for all the data using (13) leads to a 
set of nonlinear equations in the constants to be determined which 
are difficult to solve. Furthermore, it has been shown [12] that 
the unknown constants in (13) are extremely sensitive to the 
accuracy of the input data 

Another way of looking at these recurrence relations is in terms 
of weighting functions rather than as difference equations. Con- 
sider, for example, the problem of automatic fire control where it is 
necessary to point a gun not at where the target is, but where it is 
likely to be by the time the shell arrives. On the basisof the knowl- 
edge of the past path of the target, it is necessary to predict or 
extrapolate its future path. This problem has been handled in a 
very sophisticated way by Wiener [9] making use of autocorrela- 
tion functions and the modern techniques of operational calculus. 
Basically what is involved, however, is to obtain the approximate 
output of a given time series from a linear combination of the 
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input and a number of its past values. The output, thus, is given 
approximately by a weighted sum of a number of past values of 
the input. 
considered as weighting coefficients. 


The coefficients in the recurrence relation can then be 


To put it another way, in the linear theory of prediction an at- 
tempt is made to express f(¢ + A) as a linear combination of values 
of f(t — 7) where f(t) is the function one wishes to predict, h is an 
interval of time in the future, ¢ is the present time, and rt > 0. 
One way of doing this would be to select several values of 1, 


7, > O and choose coefficients A ;, so that 


n 


Se. e 
>. A, f(t — 7; 


0 
gives an optimum prediction. This is precisely what has been 
done here. 
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DISCUSSION 
Burt M. Rosenbaum? 


The authors are to be commended for devising a method of 
extrapolation which is both simple and widely applicable. As 
pointed out by the authors in comparing equations (12) and (13), 
this ease of application stems from the fact that the resulting 
equations for the unknown constants A; and A» are linear in these 
constants whereas the Prony method of approximating the curve 
by a sum of exponentials gives rise to nonlinear equations. It 
is evident that the recurrence relation gives exactly the same ex- 
trapolated curve as would be obtained if the exponential solu- 
tion, as determined by the more complicated Prony method, 
were used for extrapolation. 

However, the Prony method does yield additional information 
in that it gives the entire curve over the range of the independent 
The 


Prony method actually determines the constants entering into the 


variable and not just points at intervals along the range. 


differential equation best fitting the data points. As an illustra- 


2 Nuclear Reactor Division, National Aeronautics and Space Ad- 


ministration, Lewis Research Center, Cleveland, Ohio. 
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tion, the curve given by equation (13) satisfies the second-order 


linear differential equation 
d*y dy 


— (a + a2) 
dz? az 


For a second-order recurrence relation, the coefficients of the cor- 
responding differential equation may be found from the values of 
A, and A, by the equations 


In (— Az) 
(Az 


l 


(Az)* In 


The determination of the constant-coefficient differential equa- 
ton corresponding to the recurrence relation is desirable in some 
cases. Because the data are to be physically significant, one of 
the requirements of the differential equation in order that it can 
solution 


properly represent the data is that it possess a real 


throughout the range of the independent variable. This require- 
ment implies that the coefficients of the differential equation 
As far as the recurrence relation is concerned, the 
the differential 


A,’s may possess complex coefficients 


must be real. 


A,’s always are real. However 


equation cor- 
responding to these real 
so that the solution of the differential equation is complex in 
general, turning real only at the stations originally chosen. A 
recurrence relation that corresponds to a complex-coefficient dif- 
ferential equation has only questionable physical significance and 
extrapolation by the use of such a recurrence relation must be 
viewed with suspicion 

half- 
intervals from a knowledge of the coefficients for the original in- 
ind let 


It is possible to determine the recurrence coeff 


ents lor 


tervals. Let the order of the recurrence relation be two 


the relation be given by 
Yi, 


Similarly, the half-interval recurrence relation is giv 


Solving for i/ 


desired result 


16 


The above process can be continued indefinitely, each step giving 
the recurrence coefficients for double the number of stations. If 
either A, > 0 or A; + 2 Wai 
ficients are complex indicating that the interpolated values of the 


0, the new recurrence coef- 


ordinate, that is, the values of the ordinate at the new stations, 
are not real. In order to insure that the recurrence coefficients 


stay real at each step, which is equivalent to requiring that the 


differential equation possess a real solution, the inequalities 
A: < Oand A; + 20 —A; 
the 


> 0 must be satisfied. Thus, condi- 


tions on recurrence coefficients may be found which are 
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equivalent to requiring that the coefficients of the corresponding 
differential equation be real without actually finding these latter 
coefficients. 

Ihe full-interval recurrence coefficients are given in terms of 
the half-interval coefficients by 


for a three-term recurrence relation and 


for a four-term relation. Note that a necessary condition for an 


nth order recurrence formula to yi ld a real curve is apparently 
1)*A 0 

Asa final observation, data points are inaccurate to some degree 
and in addition the recurrence relation that is established does not 
fit the data points exactly Sut in order to extrapolate to the next 
station by the use of a recurrence relation of order q, it is neces- 
sary to know the values of the ordinates at the last g stations of 
Would the 


authors care to discuss more fully how the extr ipolated curve 


the curve which as mentioned are somewhat in error 


may be obtained once the recurrence coefficients have been de- 
9 


termined 


Authors’ Closure 


The authors wish to thank Dr 
comments 


Rosenbaum for his illuminating 
In particular, the equation relating the coefficients 
of the finite-difference recurrence relation to those of the cor- 
responding differential equation and the conditions for the latter 
coefficients to be real are of great interest 

The significance of the fact that the coefficients of the differen- 
tial equation may turn out to be complex is not very clear. In 
any recurrence relation, values of the desired function can only be 
Nothing at all can be said about the 
function in the region between successive points 


obtained at discrete points 
The reason for 
replacing the continuous solution by one which is valid at only 
that the 


tiation would give nonreal solutions 


discrete points is to simplify the solution. The fact 


corresponding differential eq 
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between stations does not seem to be relevant. Thus, for example, 
examination of Figs. 6, 8, 9, 10, and 12 indicates that, although 
one of the conditions given by Dr. Rosenbaum for the coefficients 
of the differential equation to be real, namely, (—1)* A, < 0, is 
violated in these cases, the extrapolations obtained were very 
good. 

For a gth order recurrence relation, the extrapolated curves 
will in general be sensitive to the last g ordinates of the original 
data curves. This is due to the fact that once the A, are de- 
termined, the last g values of the ordinates are used directly to 
begin the extrapolation It is therefore important that these 
last g values be obtained in the best possible manner 

If there is a sufficient number of data points in this region, 
with little scatter, then one can have 


faired 


Wise 


confidence in the originally 


curve. If, however, such is not the case, it might be 
to investigate further the validity of the extrapolation 
Thus, one could extrapolate to the desired point using the last q 
values as described. One could then successively repeat the 
In this 
If all these 


values agree with each other fairly we ll, one could have some con- 
fidence in the final result 


extrapolation each time beginning at one station earlier. 
way a set of extrapolated values can be obtained 
If, however, widely differing values 
are obtained for the extrapolated point, care must be taken in 
deciding which value to use 
the different 


factor for each one 


One could, for example, average 


values obtained, using an appropriate weighting 


In deciding on appropriate weighting constants, at least three 


Important factors should be considered 1) the number of sta- 
tions between the extrapolated point and the starting values on 
which they are L@ faired curve fits the data 
in the region where the extrapolation is started, and (3) the 
Chus it is obvious that 
the closer the extrapolated point is to the region where the extra- 


base how well the 
num- 


ber of actual data points in this region 


polation is started, the greater the number of data points in this 
region and the closer the faired curve fits the data in this region, 
the more weight should be attached to the resultant extrapolated 
value 
to be 


Thus one could tentatively assume the weighting factor 
approximately number 


of intervals extrapol ated, directly proportional to the number of 


inversely proportional to the 
data points in the region one is extrapolating from, and propor- 
tional to some function of the inverse of the deviation of these 
data from the faired curve. (A direct inverse proportion cannot 
be used for the deviation from the curve since this would lead 
A detailed 


analysis of the ty pe of weighting factors to be used could form 


to infinite weight for a data point right on the curve.) 


an interesting future investigation 
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Wie CALCULATING LONG-TIME working stresses for 
machine components, the starting point must necessarily be some 
value of material strength and ductility. Normally such figures 
involve specific times and service temperatures. Usually tests to 
determine long-time material properties can be carried out at 
ultimate service temperatures, but testing times corresponding 
to design criteria can be prohibitive. In the present case, these 
values are the 100,000-hr rupture strength and limiting creep 
stresses for deformation up to 0.5 per cent in the same time 
period. Obviously, such strength values must be extrapolated 
from short-time data. 

A favorite technique among designers has been the use of one or 
another time-temperature parameter. Such a technique sub- 
stitutes higher temperatures for longer times in obtaining data, 
and the eventual correlation of data permits the long-time 
strength, but not ductility, extrapolation. 
of these methods are adequately covered in the literature. 


The pros and cons 


Recently some proposals for the use of combined creep and 
rupture data have been published which could have an interest- 
ing bearing on the long-time design problem [1-9].' It is the 
purpose of this paper to discuss these proposals and analyze 
some extensive creep and rupture data obtained on several fer- 
ritic steels in the light of one of them, the Monkman-Grant rela- 
tionship [7]. In addition, comparisons are drawn with results 
obtained using the Larson-Miller and Manson-Haferd parameter 
methods. 


Recent Proposals 

Several recent publications are of special interest in the study 
of presenting and using high-temperature data, and these will be 
examined briefly. 

Ivanova and Oding [1-3] have proposed a design criterion of 
This 
criterion purports to describe approximately the amount of de- 
formation which can occur before the third stage of creep is 
reached. 


plasticity for metals to be used in long-time service. 


It is defined as the product of the minimum or second- 
stage creep rate? and the rupture time and is termed “usable 
elongation.’ This expression can be determined analytically by 
assuming empirical relationships between minimum creep rate 
and The 


stress as well as between rupture time and stress. 


authors assume the following 


mer = Po~* and t, = Do~4 (1) and (2) 


and from these derive 


! Numbers in brackets designate References at end of paper. 

2 Wherever ‘‘minimum creep rate’’ is used in this report, it will be 
understood that the context is ‘‘second-stage creep rate’’ as generally 
recognized. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, Atlantic City, N. J., November 29-December 
4, 1959, of Tue American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, July 8, 
1959. Paper No. 59—A-133. 
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Some Observations on the Extrapolation of 
High-Temperature Ferritic Steel Data 


where 
minimum creep rate 
time to rupture 
usable elongation 
stress 


r. DP; D, d= 


constants 


From this the three-quadrant ‘generalized creep diagram’’ is 
derived and can be conveniently used to extrapolate long-time 
values of €, 
applicability of a given steel for a desired use. 
in this approach is the assumption that ¢€, is closely associated 
with the total creep up to the third stage. Both Nikitina [5] and 
Borzdyka [6] point this out. Logically, the total creep up to the 
third stage must be associated with the form of the creep curve, 
Actually, the primary or first- 
stage creep is highly important, and it is not determined by the 
Russian proposal. 
elongation (1-3 per cent), the differences between €, and measured 
creep to the start of the third stage are substantial and tend to 
underestimate the plasticity of the steel. 


These values are then used as limiting factors in the 
The basic fallacy 


and this can vary appreciably. 


In particular, for steels with low values of 


Aside from the obvious 
limitations of the quantity ¢,, the liberty which is taken in ex- 
trapolating short-time log-log or semilog data by a graphic straight- 
line method over two log cycles (from 10° to 10° hr) is highly 
Indeed it is almost certain that such a procedure 
Thus, even if the 
concept of €, were justifiable, the inability to extrapolate reliably 
would still invalidate its use. 

Nevertheless, the idea of combining creep and rupture data has 
If equations (1 


questionable. 
is incorrect for the type of alloy considered. 


been carried further. and (2) are combined the 
relation 
—d 


t, = (DP) xX (mer) 
P 


This 
is the Monk- 


is obtained, where the symbols mean the same as before. 
relationship, where the exponent d/p is constant, 
man-Grant [7] formulation commonly given as 


log t, = C + m log (mcr) 


where C and m are constants. 

In the form of equation (5) this relation says that there is a 
linear correlation between time to rupture and minimum creep 
rate when the data are plotted on logarithmic co-ordinates. Fur- 
thermore, the relation as shown does not rule out independence 
from stress and temperature. If this were true, the potential of 
this relationship for strength and some form of ductility extrap- 
olation would be enormous. These advantages have been dis- 
cussed thoroughly in the original paper [7]. 

The recent proposal by Glen [8, 9] for the extrapolation of creep 
data should be seriously considered. In essence, this method is 
based on the observation that creep curves, for commercial 
alloys in particular, are highly structure dependent, and numerous 
transitions in creep rate during test may be expected. The 
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course of this behavior is followed by plots of creep rate versus 
strain which eventually allow for the extrapolation of time by in- 
tegration. The crux of the method is the interpolation and 
extrapolation of regular curve patterns established by test over a 
relatively small range of stress or temperature to obtain a com- 
plete family of “‘strain/rate’’ curves. Having assumed such a 
family of curves, a simple graphic integration method allows the 


f 


calculation and consequent extrapolation of times for iso-strain 


conditions at lower temperatures or stresses. Glen points out 
that the extrapolation of rupture times by this method is not in- 
fallible If the highly so that the final 
stages of elongation are a small fraction of the 
total time, 
is intercrystalline and therefore usually at extremely low elonga- 


materials are ductile, 


accomplished in 
the approximation is good. If, however, the fracture 


the terminal elongation must be known before good ap- 


It will be re 


tions 


proximations can be made gnized that, unfortu- 
nately, the latter is the case with many of our most usable steels. 
» must be attached to the de- 


Analy sis 


Obviously, the greatest importar 
termination of creep-rate transitions in this method. 
by this technique in light of contemporary needs is difficult be- 
cause the amount, type, and precision of data needed almost cer- 
tainly preclude this. Thus, the method appears basically sound, 


but at the same time too complex for practical use 


Because of the unusual availability of combined creep and rup- 
ture data plus some very long time (30,000-hr) creep data, it was 
Monkm 


several objections were 


decided to thoroughly exploit the simple in-Grant rela- 


tionship. At the time of its presentation 


raised, and these are treated in this report 
The m 
and the re 


and discussed. It 


thod was not originally intended for extrapolative use, 
uppa 


nt in 


isons for this will be rent as objections are raised 


should be mind, however, that the 


} 


application 


service conditions d interest centers chiefly 


interest here is in to ver ited alloy systems over 


limited ranges of 


iround how reliable the ipp polations are with ref- 


erence to methods currently in us 


it further be emphasized that the extrapolations to which 


oncer! I lues der.ved from test bars 


nsi nd the 


values predicted can there- 


fore only refer to material strengths in this stress state. In com- 


design 
fety factors which will ultimately 


bination with these data the engineer must use his judg- 
ment and experience to choose s 
sllow able 


determine the stress na working ¢ 


Experimental Procedure 


In the original Monkman-Grant presentation [7] 


TY ponent 


data for a 


g., stainless ferritic, 


given class of alloys, e stainless austenitic, 
and so forth, over fairly wide ranges of stress and temperature 
were lumped together and the relationship along with the statisti- 
cal 2¢ scatter limits was determined. It was subsequently shown 
that 


might affect the relationship. 


structural variations within a group or system of alloys 


Hence, 


individual equations have been derived for the data available 


in the present analysis, 


within a specific alloy type of ferritic forging or casting steel. 
Table 1 shows the materials chosen according to type, significant 
properties, and composition. 

In general, the creep-rupture data analyzed to determine the 
equations were not of the highest accuracy because the tests were 
run in rupture stations with creep readings being taken externally 
The importance of this fact will 
be reflected in the width of the calculated scatter bands and 
should therefore be kept in mind. On the other hand, the very- 
long-time creep tests which did not fail and which were used in 
the extrapolations discussed later were taken under more accurate 


by means of a transfer gage. 


test conditions. 

The number of tests considered in each category ranged from 
In order 
to extend the analysis to alloy compositions other than Cr-Mo-V 


16 to 64 with some 239 tests being considered over-all. 
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and 12-Cr types, several low-alloy ferritics with sufficient creep- 
rupture and long-time creep data were also studied. Tabular 
data on these alloys are included in the lower portion of Table 1. 
This separation is made because data from these latter alloys were 
not used in deriving the ¢, versus (mcr) equations employed in 
their subsequent extrapolation analysis. 

The individual sets of rupture data and corresponding mini- 
mum-creep-rate data were plotted on log-log graph paper. Later 
the best straight lines describing each set of data and accompany- 
A machine program 
Thet, 
curves thus obtained were extrapolated graphically 


ing predicted scatter limits were plotted. 
for least-squares analysis was used for this determination 
versus (mc! 
by merely extending the straight lines sufficientl, far into the re- 
gion Note, 


however, that the mac hine-predicted scatter limits tend to fan 


necessary to accommodate creep-test conditions. 


out giving wider scatter bands in the region of extrapolation. 
Next, long-time creep data ranging from 10,000 to 30,000 
hr were carefully studied and, where possible, final rates which ap- 


peared to be in the second stage were ascertained. In certain in- 


stances, actual third-stage creep had been attained and selection 
certain in these cases. 


is more From these rates and the ap- 


propriately extended t, versus (mcr) curves, predicted rupture 


times for the stress and temperature conditions of the creep test 


are obtained Obviously, the effect is to obtain a long-time ex- 


trapolation of a given stress-rupture curve. 


=o 


T ' we — - ~ ', 


Fig. 1 Schematic diagram for prediction of approximate value of rupture 
elongation 


$y combining the partial creep curve with the predicted value 


of rupture time, as shown schematically in Fig. 1, 


value of ek 


an approximate 


ngation, €,, can be obtained. This same value can be 


determined simply by adding €’ and €,asshown. €, is the product 
of minimum creep rate and predicted rupture time and is the same 
value the Russians call “usable elongation.’ e€’ is determined 
by an extension of the minimum-creep-rate line to its intersection 
with the elongation axis. For very long time rupture tests on 
brittle steels where little third-stage creep is expected, the value 
€, should be quite close to the combined total of primary and 
secondary extensions and in fact very close to the total elonga- 
tuon. 

Attention is given to the factors which previously caused ob- 
jections to this method of data presentation. These include 
structural instability in the alloys, possible effects of stress and 
temperature, and the mechanics of determining minimum creep 


rates 


Experimental Results 
A typical log-log plot of the data described is shown in Fig 
For clearer presentation, the actual data points have not been 


9 
“. 


Instead the scatter band derived statisti- 
In Table 2, the 
test values, equation constants, and scatter limits for the alloys 


shown in the curve. 
cally from the least-squares analysis is shown. 
studied are compiled. In each case, the correlations were highly 
significant being well within the one per cent level as determined 
by machine computation. 
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The results of the extrapolative application of the ¢, versus 
(mer) equations to obtain approximate strength values at long 
times are given in Table 3. For illustrative purposes, the extrap- 
olations at 1000 F for a forged and a cast Cr-Mo-V steel are 
shown in the graph of Fig.3. Where sufficient data were availa- 
able comparisons with useful parameter methods are shown both 
tabularly and graphically. The extrapolations and comparisons 
are limited to the particular alloys shown because long-time creep 
data useful in this method were available only to this extent. 
The Larson-Miller parameter method with constant equal 20 is 
included in each analysis. Since it appears that a better cor- 
relation of data, and possibly therefore a more realistic extrap- 
olation (although this is not proved) can be obtained with the 
Manson-Haferd parameter, such comparisons are included where 
data permit the necessary calculation of constants. For steel 
l(a) in Fig. 3, the situation is developed one step further. Here 
both the rupture data and minimum-creep-rate data have been 
subjected to parameter correlation and a combination of the two 
evolved (see Manson’s discussion to reference [7] for extrapola- 
tive purposes.) This method is discussed laterinthe paper. Figs. 
4 and 5 show the necessary plots for this evaluation of steel 1(a) 
data. 


Table 1 
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Fig. 2. Log-log plot of rupture time versus minimum creep rate for steel 


1(a) 


In Figs. 6 through 9, data are plotted to assist in the determina- 
tion of stress and temperature dependency as well as the effect of 
material instability on the rupture-time minimum-creep-rate 
equation. 
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Table 3 Long-time material strengths predicted by several extrapolation 
methods (in psi) 


Predicted Stresses F 
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Miller 
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Fig. 3 Extrapolated stress rupture curves for forged and cast Cr-Mo-V 
steels 


Discussion 

That the data evaluated for each of the steels chosen conform 
to a linear equation of the type presented is evident from the high 
From 
Table 2, it is further to be noted that the scatter limits obtained 
are somewhat less than Grant and Monkman observed using a 


degree of significance obtained in machine computation. 


wider diversity of classification in their alloy grouping (the one 
exception is steel no. 4). The values of slope and intercept in the 
equation for stainless ferritic steels as originally derived were 0.85 
and 0.56. From the present work as shown in Table 2, the 
values are 0.83 and 0.76. These values when plotted graphically 
are seen to be quite close. the variations observed 
over the entire class of ferritic alloys leave little doubt that each 


must be treated individually 


However, 


Passing to the extrapolations based on the plots already dis- 
cussed and the long-time creep data (Fig. 3 and Tables 3 and 4), 
it is quite evident that extremely conservative predictions of 
100,000-hr strength are obtained in each case, particularly when 
compared to the Larson-Miller extrapolations shown on each 
plot. Obviously these, as well as other methods for extrapolation 
of data, need to be examined. 

Perhaps the most common technique is the simple graphical 
projection of a straight isothermal line from existing data out to 
the 100,000-hr point on the time axis. The very recently pub- 
lished German high-temperature data [10] with long-time points 
in the range 30,000—40,000 hr indicate that, at least for the low- 
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Table 4 Stability of low alloy steels judged by room temperature tensile 
strength before and after creep 
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Fig. 4 Manson-Hoferd master curves based on (ca) rupture data and (b) 
creep data for steel 1(a) 
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Fig. 5 Manson-Haferd master curve combining both rupture and mini- 
mum creep rate data; steel 1(a) 


-1.00 


alloy steels studied, the 100,000-hr strength obtained by straight- 
line extrapolation of log-stress log-time plots drawn from short- 
time data is too liberal. Further, in the recent work by Glen [8], 
extrapolations to 100,000 hr based on his proposed method defi- 


nitely show the same trend. These again are for low-alloy 
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Fig.6 Time to rupture versus minimum creep rate as a function of stress; 
range for steel 1(a) 
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Fig. 8 Time to rupture versus minimum creep rate as a function of tem- 
perature for steel 1(a) 


15 1-4 


steels. It should also be noted that for the instances cited, the 
data lend themselves to a curvilinear rather than straight-line (or 
lines) plot. On the other hand, very long time data for alloy 
8-590 would seem to indigate that the straight-line extrapolation 
from log-log data will be correct. The fact that the circumstance 
will alter the case seems evident. The Larson-Miller technique 
has been preferred, at least for low-alloy turbine steels, because 
it will generally give somewhat more conservative predictions 
than graphical straight-line extrapolation. However, it is 
widely recognized that no single value of constant in the Larson- 
Miller equation will satisfactorily correlate data taken over any 
appreciable range of stress or temperature. Thus, the need for 
compromising accuracy and the inevitable question of the validity 
of the extrapolation. 

The extremely low 100,000-hr strength levels obtained by the 
Monkman-Grant method are also open to question. It is to be 
noted that the extrapolation of the scatter limits accompanying 
the best straight line allows a wide range of time prediction at 
very low minimum creep rates. These scatter limits accompany 
each predicted point on the graph of Fig. 3. Under these condi- 
tions the actual choosing of a representative stress is difficult. 
In addition to this, it is necessary to consider whether the pro- 
posed relation is truly independent of stress and temperature ef- 
fects as well as material instabilities. This again is difficult to 
show with the limited data on hand, but an attempt has been 
made using the accumulated data from steel no. 1. In Fig. 6, 
the data taken at all tempé¢ratures have been divided into two 
stress ranges representing low and high values. The low stresses 
are in the range from 10,000 to 50,000 psi while the high stresses en- 
compass the 50,000 to 90,000-psi range. Linear relations are 
developed for each of these ranges, and the evaluation shows 
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Fig.7 Time to rupture versus minimum creep rate as a function of stress; 
range at 1000-deg F for steel 1(a) 
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Fig. 9 Time to rupture versus minimum creep rate as a function of 
stability (heat-treated tensile strength) for steel! 1(a) 


them to be quite close together considering the few points availa- 
ble. In Fig. 7, a further step is taken by limiting the data to 
one temperature and then proceeding to again divide the stresses 
into two ranges. The results are not very different and it would 
be difficult to say that the relation is stress dependent at least for 
this set of data. In Fig. 8, the same data are treated with refer- 
ence to temperature dependency and again little effect is evident. 
When, however, the effects of instability are considered, some 
definite trends are evident. If the measure of tensile strength at 
room temperature prior to testing is the criterion of stability 
(the lower the tensile strength for a given material the more stable 
it can be considered) then the differences shown in Fig. 9 appear. 
A steel of the type studied here is, of course, subject to secondary 
hardening on tempering after austenitizing. This means that a 
large range of hardness values (or tensile strengths) is attainable 
depending on the degree of tempering. The particular steel of 
Fig. 9 varies from 140,000 to 115,000 psi and the corresponding 
curves of ¢t, versus (mcr) deviate accordingly. When considera- 
tion is given to the fact that the extrapolated portion of these 
curves is some 90 per cent of the service time, the question nat- 
urally arises as to the possible tempering effects taking place in 
this interval. The data of Table 4 shed considerable light on 
this matter. Basing the instability criterion on drop of tensile 
strength after high-temperature exposure, it is evident that all 
the low-alloy steels examined here tend to be unstable. The 
diminution of strength after 1100-F exposure is drastic but less 
pronounced at 1000 F. 
level of strength. 


This, of course, depends on the original 
The behavior indicated would tend to impart 
curvature to the Monkman-Grant plot and the extrapolations 


shown would necessarily be conservative. Thus, for the steels 
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considered, this relationship should not be used for extrapolative 
purposes. 

Finally, predictions based on the Manson-Haferd parameter 
need to be considered. 
number of isothermal data needed to evaluate the constants in 


Such predictions are meager because the 
this method are seldom available. However, a few comparisons 
are shown in Table 3. The trend is for a somewhat lesser value 
of extrapolated strength than that produced by the Larson- 
Miller method. 


predictions 


Fig. 3 also contains the graphical Manson-Haferd 
It has been shown in several prior publications 
that this method is more accurate at least in correlating the data 
at hand. One might infer then that a method which gives the 
best correlation of known data stands the best chance of produc- 
ing the most reasonable extrapolation. This deduction is not in- 
consistent with the results shown in Table 3, and the previous 
discussion which has pointed out that our limited experience 
with these alloys tends to justify some intermediate prediction be- 
tween the extremes shown. Again, however, this is not proved. 

One possible advantage inherent in the Monkman-Grant rela- 
tion is the use of relatively short-time creep data to predict 
long-time rupture. However, the parameter techniques can 
also be extended to include the concept of combined creep and 
This is il- 
lustrated for the Manson-Haferd parameter with the aid of Figs. 


rupture data (see Manson’s discussion to Ref. [7] 


4 and 5 using again the data from steel no. 1. Both creep and 

rupture data taken simultaneously are treated by this parameter 

technique to establish master curves as shown in Fig. 4(a) and 

b). The constants derived on the basis of creep and rupture in- 

dividually are equal in this case 

¢) « P(a) rupture a log (mer) + 10 (¢ 
Pia creep log tj- 10 


Combining these relations 


leads to 


The master curve derived from (6 It is 


now evident that long-time creep data at a known stress can be 


is shown in Fig. 5 


made to yield long-time-rupture-strength extrapolations using 
Also, 
the derivation of ductility from the long-time creep test will be 
applicable. 


Equation (6) providing the master curve is fully developed 


The apparent advantage of this latter method is 
that the effect of stress, temperature, and material instabilities 
on both creep and rupture can best be taken into account. In 
Fig. 3 the 100,000-hr strength at 1000 F for steel no 
predicted by this method 
curve being necessary 


1 has been 
(a short extropolation of the master 
, and it is seen to be slightly less than that 
of the Manson-Haferd prediction based on rupture data alone 
Of course, the use of this method depends on the validity of ob- 
taining and using minimum-creep-rate data 

Glen’s recent findings of numerous creep-rate deviations during 
the course of testing low-alloy steels certainly invalidates a “true’’ 
minimum rate. There is also a good deal of doubt as to the sig- 
nificance of this stage of creep especially as it is derived from 
tests. state of 
knowledge, this concept seems usable in providing better ap- 


constant-load Nevertheless, in our present 
proximations of long-time materials strengths. 

Next, the question of obtaining a reliable value for minimum 
creep rate without actually proceeding into the third stage of 
It has been pointed out that to ob- 
tain the deviations noted by Glen requires extreme care in test- 
ing and highly expanded plotting facilities. Under the creep- 
test conditions generally in use, such trends could easily pass 
unnoticed. This does not mean they are unimportant, but it 
would seem that their incorporation in workable extrapolation 
procedure is impractical. 

Again it is difficult to stipulate just how long one has to test 
under given conditions before being assured that second-stage 
creep is reached. About the best procedure is to watch each 
curve as it develops and use judgment for each separate case. 


creep needs to be considered. 


Of course, experience with the material in question is invaluable 
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in this operation. In general, it would appear that where reasona- 
bly carefully taken creep data are available second-stage rates 
can be estimated which, though admittedly approximate, are 
quite adequate for use in parameter techniques to estimate long- 
time material strengths. 


Summary and Conclusions 


In summary, better estimates of long-time high-temperature 
material properties can probably be achieved by the use of some 
form of the Manson-Haferd parameter method as opposed to 
other simple methods currently in use. However, until reliable 
data to times of 50,000-100,000 hr are produced for numerous 
alloys, none of the speculation accompanying the attempts to 
produce a much needed answer to an important design problem 
can be checked. A program designed to provide the necessary 
answers would seem mandatory for the responsible organizations 
which exist to further such needs. 


The conclusions derived from the work are: 


1 The Russian proposal to incorporate the concept of “‘usa- 
ble elongation’’ into design procedure is based on fictitious as- 
sumptions and therefore open to doubt. 

2 Glen’s proposal for the extrapolation of creep data and the 
interrelation of ductility and creep-rate deviations appears quite 
sound but too complex to be of practical use 
3 The Monkman-Grant relationship between rupture time 
and minimum creep rate appears valid for several low-alloy tur- 
bine steels over short time ranges (up to 10,000 hr) of exposure. 
Extrapolations to 100,000 hr using this method are invalidated by 
the possible dependence of the relationship on stress and tem- 
perature and the probable dependence on material instability. 

4 The use of the Manson-Haferd method based on either rup- 
ture data or combined creep and rupture data seems to give the 
most reliable prediction of long-time properties. This conclu- 
sion is inferred and not based on actual data 

5 Actual long-time data to check speculative attempts at 
extrapolation are a dire necessity. 
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DISCUSSION 
M. J. Manjoine® 


Extrapolation of rupture data using creep-rate data assumes 
that fracture is controlled by the same factors and in the same 
degree as those for flow. The work of Jones, Newman, and 
Brown‘ indicates that creep-rupture damage results from two in- 
dependent mechanisms. The first is related to strain, strain- 
hardening, and other structural changes which occur jn the grain 
and grain boundaries. This is a nonpermanent damage which in 
many cases can be completely removed by reheat-treatment. 
The second mechanism is that of crack initiation and growth. 
When crack growth has proceeded to a critical level, then the 
Laboratories, 


* Westinghouse Electric Corporation, Research 


Pittsburgh, Pa. Mem. ASME. 
‘Trans. ASME, vol. 79, 1957, p. 117. 
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damage becomes permanent and cannot be removed by reheat 
treatment. 

This work shows that fracture can be initiated by other 
mechanisms which are different from that of flow and, therefore, 
the time-temperature characteristics may be different from that 
of flow. 
parameters derived from creep-rate relationships may thus lead 
to serious error. 


The extrapolation of stress-rupture curves based on the 


Author’s Closure 


Mr. Manjoine’s remarks are appreciated. Since it appears 
that efforts to combine high-temperature flow and fracture data 
will not aid in data extrapolation because of their independent 
mechanisms, the last conclusion of the paper should be empha- 
sized. Programs to actually obtain long-time rupture data for 


various materials are essential. 
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Fabrication and Annealing Factors 
Affecting Grain Size of 18Cr8Ni-Ti 
Superheater Materials in Steam Boilers 


The effect of cold deformations as encountered in tube and superheater fabrication and of 
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temperature and time of annealing on the grain-size characteristics of 18Cr8N1-T1 is 
with material from six heats of steel. It 1s 
shown that cold-drawn tubing retains a relatively uniform small grain stze at annealing 
temperatures up to about 1900 F to 1950 F and that above this temperature individual 


mixed 


demonstrated by laboratory experiments 


grains begin to grow at an accelerated rate, leading to a grain-size structure 
Annealing times between 5 and 15 minules caused only insignificant differences im the 
over all grain size, but extension of exposure to 30 minutes produced a noticeably larger 


grain structure. Small cold deformations as may be introduced into the material by 
tube straightening can, when followed by a final anneal, cause excessive localized 
grain enlargements. Observations pointed to the possibility that materials with high 


Ti/C ratios may retain a predominantly small grain size at annealing temperatures as 


high as 2050 F 


Introduction 


= GRAIN-SIZE characteristics of 18Cr8Ni-Ti (SA- 
213, TP321H) superheater material have become a matter of 
general interest in the power-boiler industry because of the pre- 
The 


therefore been 


mature swelling in service of some fine-grained tubing. 


grain-size characteristics of the material have 
associated with its creep-rupture stre ngth and performance ex- 
pectancy, and a grain-size requirement has been written into the 
material specification of SA-213 in order to give the user as- 
How- 
ever, metallurgists familiar with the 18Cr8Ni-Ti steel have pointed 


surance that the tubes have been suitably heat-treated 


out that a grain-size stipulation would not be feasible because of 
the difficulty of evaluating microstructures of irregular mixed 
grain sizes and the generally recognized personal errors involved 
in grain-size determinations of such materials. It is the purpose 
of this paper to create a better understanding of this important 
superheater material by showing its recrystallization and grain- 
growth pattern and by demonstrating some of the important 
factors which influence the latter and thereby also the high-tem- 
perature-strength properties 


Fundamentals of Recrystallization and Grain Growth 


The fundamentals of recrystallization and grain growth of 


metals are well established. Thus, it is known that they are in- 
fluenced by the composition and purity of the material, by plastic 
deformation preceding heat-treatment, and by the temperature 
and time of annealing. 

The composition and purity of the material affect the recrystal- 
lization and grain-growth process very strongly. In pure metals, 
minute additions of other elements or traces of contaminants have 
It is also 
known that submicroscopically dispersed nonmetallic inclusions 


been found to have a marked influence in this respect. 


Contributed by the Joint ASTM-ASME Committee on Effect of 
Temperature on the Properties of Metals and presented at a joint 
session with the Metal Engineering Division at the Annual Meeting, 
Atlantic City, N. J.. November 30-December 4, 1959, of THe 
AMERICAN Socrety of MecHANICAL ENGINEERS. Manuscript re- 
ceived at ASME Headquarters, October 8, 1959. Paper No. 59—A- 
311. 
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in steel such as oxides, nitrides, and difficultly soluble carbides 
may act not only as recrystallization nuclei, but also as grain- 
growth inhibitors. The element titanium in TP321H steel is apt 
to form such nucleating and grain-growth-inhibiting agents be- 
cause it reacts strongly with oxygen, nitrogen, sulfur, and carbon, 
forming stable oxides, nitrides, sulfides, and carbides. 
furthermore has a large atom which diffuses relatively slug- 
gishly. It is therefore to be expected that the TP321H steel 
tends to contain this element and its reaction products in a non- 


Titanium 


homogeneous and sometimes even segregated distribution. In 
their role as nucleating agents and grain-growth inhibitors, they 
These 
chemistry effects are experimentally difficult to evaluate and, in 


are therefore apt to cause irregular grain-size patterns 


the present study, have been investigated only in so far as ma- 
terials with varying Ti/C ratios were used 

The effects of plastic deformation preceding annealing are of 
importance because 18Cr8Ni-Ti superheater tubing is cold-worked 
to final dimensions 


The amount of cold-work varies for dif- 


ferent tube sizes. In the present study, these effects have been 
The effects 


of very small deformations which may be expected as a result of 


investigated for deformations of 25 and 50 per cent. 


tube-straightening or operations in superheater fabrication have 
been studied for tension strains of 1, 3, and 5 per cent. So-called 
critical strains have been explored with cold-bent tube strips. 

The effects of temperature and time of annealing which are of 
practical importance in commercial heat-treatment have been 
determined at temperature intervals of 100 deg up to 2200 F for 
exposure durations ranging from 5 to 30 min 


Experimental Materials 


The experimental materials used are listed in Table 1. They 
include cold-drawn tubing 2-in. diameter « 0.125-in. wall, 2.5-in. 
0.313-in. wall, 4-in 0.337-in. wall, and 
*/,-in. diameter hot-finished bar stock with a fine-grained (ASTM 
The Ti/C ratios 
represented in these materials were 6.7, 7.0, 7.29, 7.65, 7.74, and 
8.2. The chemistry was normal for all materials. One steel 
was higher in silicon and lower in nickel than the other materials, 
but all were within the specification range. 


diameter X diameter X 


No. 7), plastically deformed microstructure 
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Table 1 


Identifi- 


_cation Dimensions Mn 





2-in.-dia. x 
0.125-in.-wall 


2.5-in.-dia. x 
0.313-in.-wall 


4.0-in.-dia. x 
0.337-in.-wall 


0.75-in.-dia. 
bar stock 





Experimental materials 


4 S 





Materials A to E were standard cold-worked tubing. 
Tubing A, B, and C were subjected to the experimental anneals without further processing. 
Tubing D and E were further processed as follows before experimental anneals: 


Annealed 20 min. at 2000 F/W.Q. - 


structure (A.S.T.M. No. 7). 


before recrystallization anneals. 


Experimental Program 

The experimental program consisted of the following phases: 

| Determination of the time-temperature relationship for 
the beginning and end of recrystallization of: 

a Material F (Ti/C = 7.0) in the 1, 
strained condition. 

b Material D (Ti/C = 8.2 
cold-rolled) condition. 
( B(Ti/C = 7.65 

7.74 


worked tubing 


3, and 5 per cent tension- 


in the 25 and 50 per cent cold- 
worked 


, and C (Ti/C 


in the form of 2.0-in. diameter < 0.125-in. wall cold- 


> Determination of the recrystallization and grain-growth 
patterns of: 


a Solution-annealed and subsequently 25 and 50 per cent 
cold-worked (cold-rolled) materials E (Ti/C = 6.7) and D (Ti/C 
= 8.2). 

b Cold-worked 2.0-in. diameter < 0.125-in. wall tubing of 
materials A (Ti/C = 7.29), B (Ti/C = 7.65), and C (Ti/C = 
7.74). 

c 1,3, and 5 per cent tension-strained 0.505-in. tensile speci- 
mens of material F (Ti/C = 7.0) which had previously been 
annealed at 1950 F to obtain a predominantly uniform grain-size 
pattern. 


3 Determination of the effect of very small critical strains 
upon the grain-growth characteristics of materials E (Ti/C = 
6.7) and D (Ti/C = 8.2) by microscopic examination of zones 
adjacent to the neutral axis of tube-strip specimens, cold-bent 
50 deg around a 1.5-in. diameter mandrel and subsequently an- 
nealed 30 min at 1900 F, 2000 F, and 2100 F, respectively. 

4 Determination of the exaggerated grain-growth character- 
istics of individual grains (duplexing) in material A (Ti/C = 
7.29) at annealing temperatures of 1900 F, 2000 F, and 2100 F by 
planimetrically determining the percentage area occupied by the 
coarse grains in an otherwise more or less fine-grained matrix. 
856 
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cold-flattened - 

- 0.050 in. milled off each surface - cold-rolled 25% and 50%, 
(d) Material F was obtained as hot-finished bar stock with 
It was then annealed 20 min. 
standard 0.505 tensile specimens which were strained 


annealed 20 min. at 2000 F/W.Q. 
respectively. 
plastically deformed, fine-grain 
at 1950 F/W.Q., machined into 
1%, 3%, and 5%, respectively, 


Experimental Techniques 


The most satisfactory method of studying recrystallization and 
grain-growth phenomena consists of microscopically observing the 
size, shape, and distribution of the crystals. Determination of 
changes in material properties which accompany the recrystal- 
lization-annealing process are also useful for this purpose. In 
the present investigation, only the microscopic method and 
changes in hardness were employed as criteria. In general, the 
prestrained specimens were heated to temperatures between 1400 
and 2200 F, at 100-deg intervals, and exposed at each temperature 


for periods of 5, 10, 15, 20, ‘ In the determination 


of the beginning and end of recrystallization and in the study of 


5, and 30 min 


the effect of small strains, shorter as well as longer exposure 
periods have been employed. 

Metallographic grain-size determination, consisting of com- 
paring the observed grain structure with the standard ASTM 
grain-size charts, presents well-recognized difficulties when the 
material displays an irregular mixed grain size as the 18Cr8Ni-Ti 
steel is apt to do. In such cases, different observers frequently 
disagree on grain-size ratings. The results presented in this 
paper are based on the interpretations of one experienced ob- 
server, and, for the reason given, must be considered as subjec- 
However, this fact does not affect the 
validity of the observations nor the conclusions derived from 
them; it merely means that other observers may, in some in- 
stances, rate a given grain size somewhat smaller or somewhat 
larger. 


tive interpretations. 


Recrystallization Behavior of TP321H Steel 
When steel is cold-worked, energy is stored in it, but the stored 
energy is not uniformly distributed because of chemical and 


microstructural nonhomogeneities of the material. When the 
latter is then heated to a temperature at which the displaced 
atoms acquire sufficient mobility to rearrange themselves toward 
equilibrium positions, new crystals are nucleated at points of 
greatest energy concentration such as at grain boundaries, slip 
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Fig. 1 Elongated cold-deformed crystals;, 500 


=z 
> 
_ 
<a 
=z 
~ 
a 
= 
~_ 
Ln 


ANNEALING 


ANNEALING TIME ~ MINUTES 


Fig. 5 Time-temperature relationship for the beginning and end of 
recrystallization of cold-finished superheater tubing from three heats of 
stec! (A, Ti/C = 7.29; B, Ti/C = 7.65; C, Ti/C = 7.74) 


-— —- — — Beginning of recrystallization 
———————. End of recrystallization 


planes, submicroscopic precipitates, and crystal discontinuities. 
These tiny new crystals grow rapidly at the expense of the original 
crystals which thereby become smaller. When recrystallization 
is completed, the microstructure is of fairly uniform small-grain 
size. This process is illustrated by the photomicrographs in Figs. 
1 to 4. Fig. 1 shows plastically deformed, elongated grains before 
annealing; Fig. 2 depicts clusters of newly formed, very small 


crystals in the cold-worked matrix; Fig. 3 shows the process of 
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Fig.2 Formation of new crystals in reheated cold-worked metal; 500 


ANNEALING TEMPERATURE-F 


ANNEALING TIME-MINUTES 


Fig. 6 Time-temperature relationship for the beginning and end of 
recrystallization of 1 per cent, 3 per cent, 5 per cent tension-strained 
material F (Ti/C = 7.0) and of 25 per cent and 50 per cent cold-reduced 
(cold-rolled) material D (Ti/C = 8.2) 
-- - = = Beginning of recrystallization 
—— End of recrystallization 


recrystallization half completed; and Fig. 4 depicts the com- 
pletely recrystallized structure 

It may be assumed that the recrystallization process itself has a 
significant influence upon the final grain size obtained with a 
given heat-treatment. The recrystallization characteristics have 
therefore been studied for four materials and for various degrees 
857 
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Fig. 9 Material C; reheated 15 min at 1700 F/WQ; X100 


‘ A aa Fah: Coe _— Pein ref 
shalt giro 4 
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Material C; reheated 15 min at 1900 F/WQ; X100 


of prestraining. The results are plotted in Figs. 5 and 6 in the 


form of diagrams indicating the time-temperature relationship 
for the beginning and end of recrystallization. Fig. 5 shows the 
recrystallization features of three cold-worked tubes of materials 
A, B, and C. Heats A and C are seen to behave identically, 
whereas material B recrystallizes at 
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a higher temperature and 
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Fig. 12 Material C; reheated 15 min at 2000 F/WQ; X100 


also requires more time for the completion of the process. Since 
the three tubes were of the same initial grain size, of the same 


dimensions, and have identical mechanical histories, the dif- 


ference in their recrystallization behavior must be explained by 


composition differences. Conventional analysis reveals only that 


tube B has a somewhat higher silicon and a somewhat lower 
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nickel content than tubes Ti/C 
significantly different. 
However, it is possible that submicroscopic composition dif- 


A and C, and that the 
the three materials do not 


ratios of 


seem to be 


lerences which are not revealed by conventional analysis may 
also have been influential. The question of what caused material 
B to recrystallize more slowly and at higher temperatures, must 
When the 
nealed at 2050 F, all three materials developed the same range of 
size, but the 


therefore remain unanswered three tubes were an- 


grain microstructure of material B contained a 
greater proportion of sm ill crystals 

The grain size at the completion of the recrystallization process 
wis, in all cases, very small. There were, however, some dis- 
tinguishable differences, but their effect was not consistent and 
their significance could not be established within the seope of this 
investigation 

Fig. 6 illustrates the effect of various degrees of prestraining 
upon beginning and end of recrystallization and demonstrates 
that the process shifts to lower temperature as prior strain or 
deformation is increased 


Grain-Growth Behavior of TP321H Steel 


When the recrystallized material is heated to progressively 
higher temperatures, the grain size increases at first very slowly 
1900 I In the 


individual tered crystals begins to grow at an 


ind generally uniformly until about vicinity of 


this temperature 


accelerated rate: that is ol 


duplexing’’ begins, which 


leads to a mixed grain size is illustrated by the photomicro- 

graphs in Figs. 7 to 12 
It is important to keep in mine ft, atani ing temper 
1900 F, TP321H ma i 1 velop a mixed nonuni- 


ind that 


itures 
ibove 
form grain sizé ive proportions of the small 
ind larger cryst ils which determi the relevant material prop- 
erties lo what extent this relative proportion of small and 
irger grains changes at ling temperatures 


vhich shows the 


ind EX 
times is indicated iv 


posure 


yp reentage 


irea of the larger grains iu ire, determined 


ti metallogr iphic pianimet 


The pattern of reery growth can be 


shown graphically by plotting grai ize Vv is annealing tem- 


erature tor fixed periods such 


pattern di grams 


have been used in Fig lustrate the grain-growth char 


icteristies and the eles ’ mp ition adiflerences por defor- 


mation, and annealing ter ipon the final grain size of 
the investigated materials 

Che recrystallization and grain-grow mattern as revealed by 
the change in hardness, Fig disadvantage of not 
early indicating the end of recrystallization and the beginning 
of duplexing, and is as it supplements the 


microscopK observations 


Figs. 14 and 15 show the <1ze-Lemperature diagrams of 
two materials with what is believec » be 
in the Ti/C 
prior to cold-working 
5-6 finished 


coarsened rapidly 


significant differences 
Materia h a Ti/C ratio of 6.7, had 
cold-ro ASTM No 
1800 | 
with a Ti/C ratio 
ASTM No. 6-7 
that is, at about 
1550 to 1700 F, and coarsened less rapidly above 1900 I For a 
1900 | 


ratios 
i larger grain siz 
1700 to 
Material D 


small grain size 


recrystallization at about 


1000 |} 


and 
ibove 
of 8.2, displayed an initially 


finished recrystallization at a lower temperature 


chosen annealing treatment above material E, with the 


lower Ti/C ratio, will therefore give a generally coarser grain 
structure as is verified by the photomicrographs in Figs. 20 and 
21 

The two materials E and D were investigated in the 25 and 
+O per cent cold-worked (cold-rolled) conditions It 


shown previously that increasing prior cold deformation lowers 


has been 


the recrystallization temperature. This is also demonstrated by 
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PER CENT AREA OCCUPIED BY COARSER GRAINS 


Fig. 13 Exaggerated grain growth by individual crystals (duplexing) as 
influenced by temperature and time of annealing. Cold finished tubing; 
material A (Ti/C = 7.29). 


14 and 15 


upon the grain-size characteristics is 


the diagrams in Figs The effect of increased prior 


deformatior however, not 
revealed because the diagrams give only the range of the resulting 


grain size, but do not indicate the relative proportions of small 


ind large crystals It becomes therefore necessary to examine 


These 


imount ot 


the microstructures for this purpose are shown in Fig. 20 


The materials with the greater prior cold-work are 


seen to have obtained a generally larger grain size 


The grain-growth behavior of the three cold-worked tubes of 


materials A 7.29 B (Ti/( 7.65 and C (Ti/¢ 


7.74) is illu d by the d ims in Figs. 16,17, and 18. These 
noticeable 


NaAgran 


mMagrams loo remarkably similar and indicate no 


differences e range of grain sizes obtained at the various 


anneaing three 


temperatu ippears to be the same for all 


. However 


pared has been done in Fig. 22, it can be 


when their microstructure ure com- 


recognized upon 


closer examination tl materi 


| B which had been found to 
ind C 


two other 


recrystallize at a higher temperature than materials A 
larger proportion of small erystals than the 


lhe reason for chis is not apparent unless one feels in- 


d to ascribe the deviating recrystallization and grain-growth 


] 


behavior of ind lower nickel eon- 


material B to its higher silicon 
tent 


Effect of Annealing Time on Grain-Size Characteristics 


The effect of anne 


is a matter of practi 


iling time on the microstructural properties 
il importance and has been investigated for 


exposure periods of 5 to 30 min and temperatures up to 2100 F 


The results are illustrated by the photomicrographs in Figs. 21 


and 22 ior five materials. Extending the annealing time from 5 to 


15 min is seen to cause only a very slight increase in the general 


Zrain siz but prolonging the exposure to 


30 min produced a 


noticeable grain enlargement 


Effect of Annealing Temperature on Grain Size 


The ASME Cod stipulates for TP321H material an annealing 
temperature of not less than 2000 F. In this connection, it is of 
interest to examine what differences in grain size might be ob- 
tained with a material of a high Ti/C 
peratures of 2000 F and 2100 F. The results are shown in Figs. 
20(c) and (d D (Ti/C = 82 At 2000 F, this 
material is seen to have a predominantly very fine-grain structure 


ratio at the straddling tem- 
for material 


with an exposure period as long as 30 min. In contrast, material 
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Fig. 14 Recrystallization and grain growth pattern of material E (Ti/C = 6.7) (R.B. = recrystallization 
begun; R.C. = recrystallization completed) 
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Fig. 15 Recrystallization and grain growth pattern of material D (Ti/C = 8.2) (R.B. = recrystallization 
begun; R.C. = recrystallization completed) 
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Fig. 16 Grain-growth characteristics of material A (Ti/C = 7.29) (R.C. = recrystallization completed) 
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Fig. 17 Grain-growth characteristics of material B (Ti/C = 7.65) (R.C. = recrystallization completed) 
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Fig. 18 Grain-growth characteristics of material C (Ti/C = 7.74) (R.C. = recrystallization completed) 


ik, with a Ti/C ratio of 6.7, displayed at 2000 F an essentially 
medium-to-fine grain size. These examples suggest the possibility 
that materials with a high Ti/C ratio may be predominantly fine- 


grained at annealing temperatures as high as 2050 F. 


Effect of Small Prior Strains 


It is a matter of established knowledge that very small defor- 
mations produce a larger grain size upon subsequent annealing 
than large deformations. The very coarse, localized grain struc- 
ture which is sometimes observed in superheater tubing has been 
suspected to be the result of such small strains. Such grain- 
coarsening may possibly be caused by tube-straightening or bend- 
ing and subsequent annealing in superheater fabrication. In 
order to verify this assumption, tensile-test specimens were pre- 
pared from material F (Ti/C = 7.0) and strained 1, 3, and 5 per 
cent, respectively, before subjecting them to a 30-min recrystal- 
lization anneal at 2000 F. Prior to the straining, the material 
had been annealed at 1950 F. This relatively low temperature had 


been chosen in order to keep the initial grain size small and 
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Fig. 19 Recrystallization and grain-growth trend as indicated by hard- 
ness changes accompanying annealing. (Figures at curves represent 
annealing time in minutes.) 
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(c) Material D, 25 per cent cold-reduced; 2000 F/WQ (f) Material D, 50 per cent cold-reduced; 2100 F/WQ 


Fig. 20 Effect of prior cold deformation on grain size of materials E (Ti/C = 6.7) and D (Ti/C = 8.2) annealed 30 min at 2000 F and 2100 F, 
respectively; 100 
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(b) Material D, 15 min at 2000 F/WQ 
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(c) Material D, 30 min at 2000 F/WQ (f) Material E, 30 min at 2000 F/WQ 


Fig. 21 Effect of increasing annealing time on 50 per cent cold-reduced materials D (Ti/C = 8.2) and E (Ti/C = 6.7); 100 
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(c) Material B, 15 min at 2050 F/WQ (f) Material C, 30 min at 2050 F/WQ 


Fig. 22 Effect of increasing annealing time on cold-finished tubing of materials A (Ti/C = 7.29), B (Ti/C = 7.65), and C (Ti/C = 7.74); K100 
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(b) 1 per cent tensile elongation 


(d) 5 per cent tensile elongation 


Fig. 23 Effect of small strains on grain size of material F (Ti/C = 7.0), annealed 30 min at 2000 F/WQ; X1000 


to avoid undue duplexing xaggerated grain growth which 


occurred in these specime slightly higher annealing 


temperature of 2000 | photomi rographs Fig 


23. These pictures also deme that the smaller strains 


larger grain 


prod iced the 


Sometimes, even larger grains than those shown in Fig. 23 are 


observed in superheater tubing These are believed to be the re- 
“critical strains i small strains which 


sult of so-called very 


produce abnormal grain growth rheir effect has been verified 
by bending a strip of annealed tubing around a mandrel, reanneal- 
at 2000 and 2100 | roscopically examining the 
itral fiber.’”’ The 


zones was truly enormous, 


ing it ind mk 


zones adjacent to the so-called ‘‘ne grain size 


obtained in some of these as is il- 


lustrated in Fig. 24 


Summary and Conclusions 

The presented investigation and the conclusions drawn from 
it are summarized as follows: 
cold-worked 18CrNi-Ti 


steel may occur at low or at high temperatures, depending on the 


1 The recrystallization process of 
Large deformations 


magnitude of prior strain or deformation. 
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shift the process to lower temperatures and small strams to high 
has been found to begin to 
1450 F On the other 


hand, annealed material containing strains of 5 per cent or less 


temperatures. Cold-worked tubing 


recrystallize at temperatures as low as 
not begin to recrystallize until tempera- 
reached then 


may, upon reanne sling 


1900 F are and cause excessive 


tures as high as 
grain coarsening 

2 For heavily cold-worked material (25 to 50 per cent reduc- 
found between the t mperature 
2000-2100 F 


General observations suggested that the most he avily cold- 


no correlation has been 
the 


tions 


level of recrystallization and annealing grain 
size 
worked material gave a somewhat more uniform grain size than 
less heavily worked material 

determined between the 


3 No correlation could be tempera- 


ture level of recrystallization and chemistry variations within 


specification limits. Under comparative conditions, one material 
with higher silicon and lower nickel content has recrystallized at 
a higher temperature and given a smaller 2000-2100 F annealing 
grain size, whereas a second material with relatively high silicon 
and low nickel content recrystallized at a lower temperature but 
also gave a smaller 2000-2100 F annealing grain size than the 
corresponding comparison materials. The Ti/C ratios likewise 
could not be correlated with the temperature level of recrystal- 
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Microstructure prior to bending; 


(b) Strip of tubing (material D) annealed 30 min at 2100 F/WQ, cold- 
bent around 1.5-in. diam mandrel, and reannealed at 2000 F 


jacent to neutral fiber; 


jacent to neutral fiber; 


4)° a 
— we , £ } ve 


(c) Microstructure after reheating 30 min at 2000 F/WQ; zone ad- 


x 100 


(d) Microstructure after reheating 30 min at 2100 F/WQ; zone ad- 
x 100 


Fig. 24 Effect of critical strains on annealing grain size 


Ti/C ratio has 


S1zZe 


However, the material with the lowest 
grain 
crystallization and has also given a larger 2000-2100 F anneal- 


lization 


consistently displayed a somewhat larger after re- 
ing grain size than the materials with relatively high Ti/C ratios. 
t At 


worked material, the grain size was uniformly 


the completion of recrystallization of heavily cold- 


small, Upon 
further heating to higher temperatures, the grain size increased 
very slowly and uniformly until a temperature of about 1900-1950 
F was reached. At this approximate temperature level, indi- 
vidual randomly scattered grains began to grow at an accelerated 
rate, leading to a structure consisting of a range or mixture of 


grain sizes “duplex structure’ ) 
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5 The grain-size characteristics of tubing annealed at duplex 
ASTM grain- 


ormation on the 


ing te mperatures cannot be ade quately defined by 


size numbers alone, since the latter give no 
relative proportions ol smaller and larger grains 
6 Material with high Ti/C 
small grain size at annealing temperatures up to 2000 F. Itseems 
high Ti/C 
is 2050 F 


ve not produced 


ratios has given a predominantly 


to be reasonable to expect that some heats with ratios 
may remain fine-grained at temperatures as high 
7 Annealing times between 5 and 15 min ha 


marked differences in grain size, but extending the annealing 


time to 30 min has caused a noticeable general increase 


In grain 
size. 
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Survey of Various Special Tests Used 
to Determine Elastic, Plastic, and 
- caroraro 4 Rupture Properties of Metals 
csgorCtomissoooy f At Elevated Temperatures 


for Fundamental Research, 
U. S. Steel Corporation Research 
) , , , , , . 
Center, Monroeville, Pa. hniques employed in determining the elastic n oduli, that 1 Youn; 
evaled ten: peratures are 


techniques d iT lal yr dynamic measurements. A compariso? 


r modulus. a , son's re » al room and ei 


e two methods are presented The 
f J } 
formations on the elastic n 
lé m pe rat 
eview of teci nique ind ¢ vpertmentail dal mn effect of nigh strain + 
j of n-etal aliovs at elevated te m perature is presented 
Ou ls explain ul tively the results obtaines A brief 
lescription of | rlOuUS uf of recovery 
‘ . . . . - 
The vartattu irdn th temperature 1 f i 1 for pure metal imd ailk 
snot Ian : 7 pach 7) / ; Th da ’ } {1 ) 
inciuding les ) 1 typical hol-narane i he reiattwonsi ip e1TWEE 
. . _ 1 , 
creep, and ©) r , ) ivior 18 Oriefiy summarized 
l for following solid-state reactions at 


may de pend on temperature, tin ¢ 


1 col 


A. SERVICE CONDITIONS have become more demand- two elastic constants. Two of ire the proportionali 


ing, high-temperature alloys have had to meet more stringent sta vet we t t in in tension or compression and iz 
specihcations, and a better understanding of their mechanical be- I | i | stant nsion or compressiol! E is 
havior is necessary l | vung il The she 

This is often evaluated from results determined in routine, con- isu é eC thu f rigidit, 
trol-type tensile, cree p, creep-rupture ind in some cases latigue s , 7 i l ( u many ¢ 
tests. But a great deal of information on the elastic, plastic, and wn later Cu , Ipu both EF and G 
| 


rupture behavior of metals at elev ited temperatures cannot easily KI ! Ol | ra ) in al vcasured direct! Irom 


be obtained from such tests i ty ol elevated-temperature imple l ul defined itio of the transverse 
tests employing special techniqu " ivailable at present to i git nal ui! ne importan 1 all three elasti 
stud more completel these p | n metals and alloys CON in nputi w thermal stresses developed ut ek 

Three special high-temperatu methods for determining mperatur n phenomena occurring in the solid 
the elastic moduli, tensile el high strain rate ind hot i ( > ( tud iron et lations ol 
hardness will be describe d experi | data will pre- 
sented and analyzed 

maditions 


Determination of Elastic Moduli at Elevated Temperatures‘ “ouciions. & ne'er static loading 


nsion or a bend test and the she 


Young’s modu 


Under certain conditi . iewhat higher ym a torsion test. In such tests 
temperature the permissil 


! whed. Under dynamic loading, low 
the elastic strain and } itively low stress amplitude 
on the basis of the ela ce in 0 I n reg ‘ Un | und the she 


ir modul 
engineering work it 1s I ils and alloys exhibit measuring the n 
last »} * on | g is «" opor- " " 
elastic behavior whereby un on loading is directly propor quency of a pendul — frequency in oscillator 


tional to the stress and upon unloading the strain is completely tems, or the velocity of longitudinal and transverse waves pro- 


recovered. By assuming ull polycrystalline metals and al- — queed b high-frequency pulses 


loys are essentially isotro it is necessary then to define only Elastic Moduli Determination Under Static Load. The most con- 
venient method for measuring Young’s modulus and the shear 
Contributed by the Metals Engineering Division and presented 
the Annual Meeting, Atlantic City, N. J., November 29—-December 
1959, of THe AMERICAN Society oF MECHANICAL ENGINEERS 
Note: Statements and opinions advanced in papers are to | Various modifications have been employed to determine the elas- 
understood as individual expressions of their 1uthors and not those of tic moduli in 
the Society Manuscript received at ASME Headquarter 
13, 1959 Paper No. 59 A-112 Numbers in brackets de ignate References at end of paper 


modulus at room or elevated t« mperatures under static lo vding 
conditions is one which will yield both moduli from a single test 


ension and torsion oe By subjec ting a canti- 
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ever beam to simultaneous bending and twisting moments both 
Young's modulus and the shear modulus can be determined, Fig. 
1. The specimen is held rigidly at one end and loaded by appli- 
cation of small weights at A, which is displaced from the axis of 
the specimen by a fixed distance along torque arm B. The angu- 
lar rotations in both bending and twisting upon applying a small 
weight at A are amplified by an optical-lever sysiem also shown 
in Fig. 1 and are measured over a 4-in. gage length. Two small 
mirrors rigidly attached to the sample by means of extension 
ims translate the small rotations in the beam to measurable 
displacements on the recording platform after amplification by 
the optical-lever system. The angular displacements are meas- 
ured from a reference axis which is determined before each test 
»v loading the sample under only a bending movement; that is, 
1y applying weights at C. The dashpots at A and C check vibra- 
tions which occur upon application or removal of each weight. 
The specimen assembly, Fig. 1, is surrounded by a furnace, Fig. 2. 
When making determinations above room temperature it is 


} 


important to obtain constant temperature within the gage length. 
Between 200 and 1500 F the temperature variation along the gage 
length was +4 F from the mean temperature. The actual tem- 
perature at the ends or center of the gage length can be con- 
trolled to within +1 F for several hours. Three determinations, 
each requiring about 15 min, are usually made at each tempera- 
ture. The maximum tensile fiber stress imposed on the speci- 
men did not exceed 5000 psi and the maximum stress was de- 
creased as the temperature was increased. In calculating the 
elastic moduli, results on unloading were employed to minimize 
the effect of creep, and only the linear range in the load-displace- 
ment graph was employed. Young’s modulus £ is then calcu- 
lated from the relation 


(1 + 21;)d AP 


E= ~ 
I AB 


W here 


l gage length 
l forelength (see Fig. 1) 
d distance from mirrors to recording platform 
I moment of inertia 
AP 
AB 


load increment 
average bending displacement within the gage length 


The shear modulus G is computed from 


2tld AP 


G = —— 
Jj AT 


t length of torque arm 


J polar moment of inertia 
AT average torsional displacement within the gage length 
» ’ ‘ ia @ rr relat? 
Poisson’s ratio u is computed from the relation 


E 
f 
v] 


— 1 
2G 


bl 


Values of EF and G have been determined in this way for a large 
number of commercial steels between room temperature and 
1500 F, Fig. 3 


groups 


The steels tested have been divided into three 
The first two include ferritic steels and the third group 
includes austenitic stainless steels. The high-chromium steels of 
the second group have been separated because they exhibit sig- 
nificantly different elastic moduli; this is true in particular for the 
shear modulus. It has been suggested by Zener [3] that E and G 
for metals should vary linearly with temperature up to nearly the 
868 
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Fig. 1 Schematic diagram of test apparatus for determining E and G 
statically at elevated temperatures (Garofalo, et al. (2 ) 


Pn dm 


Fig. 2 Photograph of apparatus for determining E and G statically at 
elevated temperatures (Garofalo, et al. [2)) 





ax 000 2x 
TEMPERATURE 
Fig.3 Variation of E, G, and Poisson's ratio with temperature for various 
ferritic and austenitic stainl steels—determined statically (Garofalo, 
et al. [2}) 





However, in polycrystalline metals various types 
of discontinuities or deviation from linearity are 
The factors 
deviations will be discussed in detail later. 


melting point. 
found beyond 
which 
It will be sufficient to 
merely point out at this time that for the results shown in Fig. 3 
both E and G initially vary linearly with temperature but a de- 
viation from linearity is found at higher temperatures. Although 


certain critical temperatures. cause these 
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some scatter is found in Poisson's ratio, there is essentially no 
change with temperature 

Elastic-Moduli Determination Under Dynamic Load. Test 
for measuring the elastic moduli of metals and alloys under dy- 


methods 


namic-loading conditions have become very popular [4-8] and 
can be made with high accura Oscillating stresses in some 
cases can be applied very rapidly at low stress amplitudes, mini- 
mizing creep effects at elevated t mperatures. 

With the simplest type of apparatus for measuring the elastic 
moduli under dynamic loading, Fig. 4, either E or G can be meas- 
ired by determining the natural vibration of a pendulum which 
consists of a long wire of the test metal rigidly clamped at one end 
with a known mass attached to the other end. Assuming fric- 
tional losses to be small, E and G can be calculated from the 
natural frequency of the pendulum as shown in the relations in 
Fig. 4. 


type of apparatus permits determinations of E. 


In Fig. 4(a) the oscillations are vertical and therefore this 
4 torsion pen- 





# + Perved (Tume ter | Cyctel 


(+ Frequency (Cyrcies per 
vat Time) 





Fig. 4 Schematic diagram of pendulums for determining E and G dy- 
namically (Fine [4|) 


dulum, Fig. 4(6), commonly employed to study internal friction, 
is useful for determining the shear modulus G of low-damping 
metals. Low frequencies, up to about 20 cps, are employed. 

A second method of determining E and G under dynamic-load- 
ing conditions at room or elevated temperatures employs an ex- 
ternally supplied, sinusoidally varying force for stressing the 
specimen. Apparatus is readily available for producing forced 


vibrations over a wide range of frequencies In systems of 


forced vibrations in the range ol kilocycles per sec ond it is most 
convenient to increase the driving frequency until the resonant 
frequency is reached This means that frequency of the external 
force equals the natural frequency of the system and the vibration 
umplitude reaches a maximum. By measuring the resonant fre- 
quency, E and G can be measured as in the case of the pendulum 


(4). Thus 


where | is the length of the specimen, p is the density, 7 is an in- 


teger,? and f is the frequency at resonance. Both relations apply 


to materials in which internal friction is low. For relation (4 
the cross section of the specimen must be uniform and the cross- 
sectional dimensions small in comparison with the wave length 
(A = 2l/n). 


circular. 


In relation (5) it is assumed that the cross section is 


Three techniques have been employed for exciting longitudinal 


?If E or G are known approximately, 7 can be readily computed. 
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and torsional vibrations—the electromagnetic, electrostatic, and 
the piezoelectric-crystal methods, shown schematically for longi- 
tudinal vibrations in Fig. 5. For the electromagnetic method the 
specimen must be ferromagnetic, or disks which are ferromagnetic 
must be cemented to the ends of the sample. Alternate tension 


and compression are applied to the sample. The receiver is 
similar to the driver and detection is accomplished by measuring 
the voltage generated by the specimen moving in the magnetic 
field of the receiver. The input frequency is increased until 
resonance is reached 

In the electrostatic and piezoelectric-crystal (usually a quartz 
crystal) methods the specimen which need not be ferromagnetic 
is also subjected to alternate tension and compression, in one by 
an alternate electrostatic force between a condenser plate and the 
specimen and in the other by the deformation in the crystal [4] 
In the electrostatic method the detector is similar to the driver 
In the piezoelectric-crystal method the resonant frequency of the 
In both methods the 


input frequency is increased until resonance is reached. 


system is detected from the crystal itself. 


A third method of determining the elastic constants under dy- 
namic-loading conditions involves the propagation and measure- 
ment of the velocity of acoustic waves of ultrasonic frequencies 
in the megacycles per second range [4, 5, 6]. The elastic constants 
are calculated from the velocity of the propagating waves through 
the sample. Very small specimens, including crystals, can be em- 
ployed and it is possible to determine both E and G simul- 
taneously 

Acoustic-pulse waves of short duration are delivered from a 
pulse generator to a piezoelectric crystal, such as quartz or bar- 
ium-titanate, attached to one end of the specimen and a similar 
crystal may be attached to the other end of the specimen to de- 
tect the propagating elastic wave, Fig. 6. Several types of pulse 
generators may be employed [5]. The generator is triggered by 
the oscilloscope and the pulse traverses the sample. Because of 
the reflection of the elastic waves by the receiver surface and 
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Fig. 5 Sch tic representati of apparatus for determining E dy- 
namically from resonance measurements under forced vibrations (Fine 
[4}) 
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Fig.6 Schematic diagram of ultrasonic pulse apparatus for determining 
E and G dynamically (Reynolds [5}) 
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surfaces parallel to the specimen axis, one pulse will result in a 
number of waves reverberating back and forth through the sample. 
However, since attenuation occurs rapidly the number of rever- 
berations is finite. The signals detected at the receiver crystal 
are amplified and observed on the oscilloscope. A schematic 
representation of oscilloscope traces [5] is shown in Fig. 7; ¢ 
presents the initial pulse; 4, 


re- 
ts, and ¢s are longitudinal pulses, 
, being the initial transmitted pulse, t; transmitted and reflected 
back once, and tg transmitted and reflected back twice; ty, ts, ts, 
tc, ty, and ty are shear waves reflected by two longitudinal sur- 

Because of the reflection of the elastic waves by the re- 
ceiver end surface and by longitudinal surfaces it is possible to 


faces 


determime EB. G, and Poisson's ratio on one specimen using one or 

more crystals for transmitting and receiving [5, 6 
Determinations of this nature have been made on a variety of 

ferritic 


and austenitic steels [7 In these experiments FE, G, and 


uw can be computed from the following relations 


(ye) 
V1 ) 


where p is the density of the material, Vi, the the 


velocity of 
longitudinal wave, and Vy the velocity of the transverse wave 

The experimental results, Fig. 8, 
three statically moduli on 
The first two include ferritic steels and the third includes austen- 
itic st Again it is found that initially E 
crease linearly with temperature 


have been separated into 


groups as with determined steels. 


tinless steels and G de- 


, but a temperature is reached for 
the ferritie steels bevond which the moduli decrease more r pid) 


For the austenitic steels a linear relation is found between the 


elastic constants and temperature. Poisson’s ratio seems to in- 


rease slightly with temperature 


Before comparing the statically determined elastic constants 
vith those determined dynamically, it will be necessary to dis- 


iss certain factors which cause deviations from linearity as the 


temperature is increased This is of Importance 


Deculise 

wreement is found between the two ty pes ol determinations for 
Bevond the 
determined val les Ol the 


than those dvy- 


temperatures where linear variation occurs tem- 


pera ire ol 


deviation the statically 


istic constants are ilwavs lower determined 


namicalh 
Deviations of Elastic Moduli From Linearity. 


ously the 


As mentioned previ- 


ideal variation of the elastic moduli with te mperature 


should be linear up to almost the melting point [3 However, in 


pol crystalline metals and allovs a 


iffect the 


number of solid-state reac- 


tions oceur which elastic moduli and therefore 


the variation of the elastic moduli with temperature 


change 
A number 
of factors have been found to affeet the elastic moduli: (a) Trans- 


formations from one crystal structure to another [4, 8], (b) order- 
disorder transformations [4, 8], (« 


4 ind (d 
11} 


magnetic transformation [4, 8, 


relaxation of shear stresses at grain boundaries [3, 10, 


The effect of two ty pes of transtormations on the temperature 
dependence of Young’s modulus determined under dynamic-load- 
ing conditions is shown in Fig. 9. The discontinuity in linearity 
found for cobalt results from a change in crystal structure which 


does not seem to occur at a critical temperature, but is known to 
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Fig.8 Variation of E, G, and Poisson's ratio with temperature determined 


dynamically for various ferritic and austenitic stainless steels (Timken 
résumé [7}) 
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Fig. 9 Variation in ratio of E at temperature to E at room temperature 
for Ni and Co (Bennett and Davies 8)) 
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ilso 


steels effect of viscous ff or shear 


-atress 


relax s of aluminum 


is show! results were rom a low-fre- 


quen imc which consisted torsion pendulun 


Betwee modulus 


ind 200 | lear 


creases linearly with temperature Tor singl rvstal and a pol - 


ervstalline the 


specimen Jevond 200 C the modulus for 


single crystals follows the same linear behavior However, the 


polyerystalline specimen shows a rapid drop in G. A similar b 


havior has been observed for brass {12 The behavior in the 


polyerystalline specimen has beer viscous flow at 
The 


youndaries has been shown to be of the 


ittributed to 


the grain boundaries rate of shear, dy/dt, at the 


lorm 


d Q 
oe kX exp ( ~ ) 
dt R17 


where k is in essence the coefficient of viscosit A the shear stress, 
Q is a constant which is found to be equal to the activation energy 
for self diffusion and R and 7 have the usual meaning 


from 


It may be 


seen relation (9) that at constant temperature the total 
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Thus 


increasing the 


shear depends on time ol stress application 
200 C 
testing should result in an increase in the shear modulus from the 
A/y. Such an effect has been confirmed experi- 
mentally [3, 14]. Thus the that is, EZ or G, de- 
termined under conditions where amounts of. grain- 
The 


ibsence ol 


at tempera- 
tures above for aluminum, frequency of 
relation G 
relaxed modulus 
measurabk 
boundary shear occurs depe nds on lrequency 
that is, moduli determined in the 
should be 
loading or such other variables as grain size 


and others [14 


I loading 
unrelaxed moduli, 


grain-boundary creep, independent ol Irequency ol 


It has been shown 


experimentally by Ké [11-13 that the following 


functional relation exists 


10 


where Gp, is the relaxed she }, is the unrelaxed shear 
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Fig. 10 Variation of G with temperature for a single crystal and poly- 
crystalline aluminum (Ke [12!) 
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constants, v is the 
The 


Irequency 


D is the grain diameter, A and m are 


and Y, R, and T have the 


re lationship in relation (10) shows that 


modulus, 


frequency, usual meaning func- 


tional as the 
shear modulus is 


A similar effect is found 


is increased the te mperature beyond which the 


relaxed increases at constant grain size 


by increasing the grain diameter 
In comparing the variation of Young's modulus with tempera- 


ture for a variety of commercial steels under static and dy- 


namic loading it is found from Fig. 11 that good agreement exists 
for the 


however, 


unrelaxed modulus 
for the 


A constant difference seems to exist, 
high-chromium steels, types 410 and 430 For 
the ferritic steels the temperature at which the decrease of Young’s 
modulus with temperature deviates from a linear relation is the 


and dy 


irs for the 


for both the static namic results 
the 


drop more 


same Jevond the point 


deviation oct steels the results 
than the dy 
drop tor the ferritic steels may be 
of the 


the fact 


where ferritic static 


rapidly namic results. The more rapid 


associated with grain-boundary 
ised in the 


much higher stresses static 


that the 


shearing, because 


Howeve T 


temperature 


tests deviation from linearity begins 


it the same may be related to the decrease in ferro- 
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sho i that the a stainless materials which 
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is shown in Fig. 12. As shown in Fig. 13, good agreement, 
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unre- 
the 
deter- 


laxed ermined ind dynamically, 


determined relaxed moduli are lower than those 


mined dynamically. This is shown for titanium, aluminum, and 


TEMP ~°F 
390 600 900 


a 


1200 290 1500 5, 


@0,0-27 Cr(446).28 
®-29Cr-2Ni 24 


+ e+ + ~—+ 32 
I8Cr-BNi (304) “28 
ta 24 

STP - 
._!8Cr- BNi-Mo (316) 


~ 


le 
\ ¥ 


+ Guar > 
~—» 2 


= 


i n i 
®0, “18Cr- “@Ni-Ti (320 * 
cag 8-I8Cr-BNi-Ti-W 
BNi-Cb (347) 
ee 


@,© -25Cr-!2Ni (309) ie 
8-25Cr-l2Ni-3W bg 
20 


| Frees 


18Cr- 
Weg 


eee wel +—4_+—_+—_4 ‘ +16 
, SSP. 25Cr-20Ni (310) 28 
' oP ag 2 24 
\ —Spg.20 
300 600 900 1200 1500 
TEMP-°F 


Variation of E with temperature for various steels determined statically and dynamically 


DECEMBER 1960 | 871 





- TEMP-°F TEMP-°F TEMP-°F 
390,_,§90,_,290,_1290,_._,390,_§90,_.990,_200, 390690." 990_1200. 590 


LOW CARBON } ==. 3Cr-O.5Mo-I5Si + Se {!2 


t Nien + a7cr- (446) 0 
+ : Lp—t + _ +—+ + | a as" es ae a 
O APPROX I%C) ~~ ee ' 
é HIGH CARBON, | S5Cr-O.SMo-15Si 18Cr-8Ni (304) Pe 8 
e Ghats at a oe - i Sa ee oe oe ee ee 
G10} a, t a. ee 10 
7 vw + “ ——# - 
08} 0.5Mo ? 5Cr-O.5Mo-Cb 18Cr-BNi-Mo (316) t—._.8 
1 12}-« ott 7" }-t 
BIO} Wee } ess 
8} OSCr-O5Mo 5Cr-0.5Mo-Ti v" 
> 12+ 4—+ rt 
= es 


i, — ta seal —h2 

pte » ena 10 

18Cr-8Ni- TiG2n A 8 

_ + + 12 

10 

18Cr-BNi- cn(347) SB ge o> 28 

+ + + 4 + *12 

¥ _ 10 
25Cr-I2Ni (309) 


= a mia bet tt ee 
> =" Fo, 2 
1Cr-O5Mo . } 9Cr-iMo . 
Rcabantecthectl +- Qah--b 4 A—+-+++-+-+-++-4 
—— 4 a | ¥ 
ws 2Cr-O.5Mo 12Cr (410) 
Hig) +++ + e+ + + +—+ 
ane | Carte, | 25Cr-20Ni(310) 2 
io - i | Pane 10 
al 2 25Cr-IMo belie 17Cr (430) = a >. B 

6 


a he 


300 600 900 i200 300 600 900 00 : : $06 1200 i500 
TEMP-°F TEMP-°F E 


STATIC 


DYNAMIC 


Fig. 12 Variation of G with temperature for various steels determined statically and dynamically 
(Garofalo, et al. [2}) 


TEMP-°F TEMP-* F 
05 300 600. “390 1200 300 600 900 1200 . 300 600 900 1200 
0.3) Gaga agg oe . 9 90-3 "gee 3-3 
ai Low Gannon (Ou- O2%0) | it ‘36r- oe SSI were r. | 27 Cr (446) | aa 
——— t = * = a eS 


HIGH CARBON (APPROX 1%C) =~ 5SCr-0.5Mo-1.5Si 18 Cr- BNi (304) 


0.5 Mo 5Cr-0.5Mo-Cb T 18Cr- BNi-Mo (316) | 


— a Soe = o-o ba > * 2 z s * dl . ——s- 


————<t=—o 3 mnie amiie cine ee ian 2g 2g OB 


0.5Gr-0.5 Mo 5Cr-0.5Mo-Ti igCr- BNi- Ti (320 


- a — ae © = ae g FISSRas ee eae 
Gr - 0.5 Mo + 9Cr-IMo 18 Cr- BNi-Cb (347) 


o—0—F-- ¢ 2g 9 os — 2 a: 2 > ° Om 


ag 3 
2Cr-0.5Mo + 12Cr (410) 25 Cr-12 Ni (309) 


0.3) ¢— 26-05-06 ogg °° o--« . 0 - Oe --42.20:¢ 5 § 5 Oo 


2.25 Cr-IMo t Pora30) + 25Cr-20Ni (310) 
— STATIC 


DYNAMIC 


Fig. 13 Variation of Poisson's ratio with temperature for various steels (Garofalo, et al. (2)) 


magnesium [39] in Fig. 14. It is quite clear, thus, that in design- 
ing it is justifiable to use interchangeably values obtained Present resume 
. Rets 2 one *% 


statically or dynamically for the unrelaxed moduli. However, + OOns om 


boom 


for the relaxed modulus which depends on the type of loading, the 
moduli employed should be determined in relation to the specific 
* application. 

An additional point of interest deals with the effect of com- 
position on the elastic moduli. It is usually assumed that the 
elastic constants are structure insensitive. However, there is 
evidence which shows that composition has a measurable effect 
on the elastic constants [2, 15, 37]. As shown in Fig. 15, it is 
found that at room temperature, G and yw change systematically : me 

as the chromium content in ferritic steels is increased. As shown Tomporense, 
in Fig. 16, Young’s modulus increases as carbon is added to ti- Fig. 14 Variation of E with temperature for Al, Ti, and Mg determined 
tanium [15]. The increase seems to remain constant at all test statically and dynamically (Vosteen [39}) 
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temperatures. The elastic-modulus density ratio is also im- 
proved at all temperatures within the range covered. 

The effect of composition can be predicted from the behavior of 
In deter- 
mining the elastic constants, the strain produced may be made up 
of two parts. One part is truly elastic, resulting from a separation 
of the atoms. The second part is from the bulging of the disloca- 
tion loops which are properly oriented. Both parts of the strain 
The effect of length of dislocation 
loops on the elastic constants can be appreciable. The fractional 
change or, more correctly, decrease in Young’s modulus depends 
on the square of the apparent loop length, AE/E = aNL?, 
where a is a coefficient, NV the length of dislocation line per unit 
volume, and Z the loop length. If alloying decreases the loop 
length by pinning along the dislocation line, then it is seen that an 
increase in Young’s modulus should result. Qualitatively this 
agrees with results in Fig. 16. A similar effect should be observed 
for the shear modulus and this agrees with results in Fig. 15. The 
reason for no apparent change in E in Fig. 15 is not known. 

Tensile Behavior of Metals at Elevated Temperatures at High Strain 
Rates. In many applications at elevated temperatures the loads 
encountered are sufficiently high to develop stresses which are 
greater than the elastic limit of usable alloys. 


dislocation loops within the so-called elastic range. 


are recoverable on unloading 


In these cases it is 
not possible to design on the basis of elastic behavior. It becomes 
necessary, then, to understand in greater detail the plastic be- 
havior of elevated 


alloys at and to avoid 


catastrophic failure it is necessary to understand the rupture be- 


temperatures 


havior of these alloys 
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Fig. 15 Effect of chromium content on elastic moduli of various steels 
at room temperature (Garofalo, et al, {2!) 
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Fig. 16 Effect of carbon concentrations on E and E/density ratio for ti- 
tanium at elevated temperatures (Graft, et al. [15}) 
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A great deal of information on plastic and rupture behavior is 
continually being compiled on commercially available alloys and 
on newly developed alloys. Such information is obtained pri- 
marily from tensile, creep, and creep-rupture tests and in some 
cases from fatigue tests. The information obtained from these 
tests is in many cases directly applied in design; however, for 
certain special applications these tests must be modified to 
simulate service conditions. 

One special application receiving a great deal of attention is the 
use of metals in missile components where service life may be very 
short, yet very high temperatures and stresses may be attained 
in structural members and power-plant components, increasing 
the need to know the effect of high rates of heating and high strain 
rates on mechanical behavior 

It is generally known that various solid-state reactions occur 
in metals and alloys which affect the mechanical properties pro- 
foundly. These reactions may depend on temperature, time, or 
Obviously, not only the effect 
of strain rate but the effect of rate of heating need to be studied. 


strain, or a combination of these. 
However, only the effect of strain rate on mechanical behavior 
will be dealt with in this discussion. 

A number of methods for testing specimens in simple tension 
at elevated temperature at high strain rates have been developed 
[16-22]. 


The test method must permit a wide range of strain rates 
and it must be possible to measure load and strain values ac- 
curately, and at any time during the test the true strain rate. It 
rhould be possible of course to accomplish all of these measure- 
ments within a wide range of temperatures. 

A recent test method developed at Battelle Memorial Institute 
[20, 23] under United States Steel Corporation sponsorship per- 
mits the accurate determination of stress-strain curves in tension 
over a wide range of strain rates. Although employed only up to 
300 F, it can be used at much higher temperatures with slight 
modifications. The loading device consisted of a 10-ton-capacity 
hydraulic press ‘with adjustable ram travel variable from 0.25 to 
190 in. per min. Within a 4-in-gage section the rate of travel per- 
mitted strain rates between 0.001 The 
downward travel of ram was converted into a motion in the op- 


and 0.8 in/in. sec™. 
posite direction by placing the subpress, Fig. 17, between the 
ram and the stationary base of the press. In the subpress the 
top plate A is rigidly attached to columns B which protrude 
through the lower plate. The upper grip F is attached to the 
dynamometer E which in turn is attached to the upper plate A. 
Plate C is attached to the columns D. 


through upper plate A. 


These in turn protrude 
Columns B rest on the lower plate of the 
press. The upper end of columns D rest against the ram and as 
the ram starts to move downward the specimen is subjected to a 


tensile load 




















Fig. 17 Schematic diagram of subpress employed in high-speed tension 
testing (MacDonald, et al. [20]) 
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The load is measured by the dynamometer E which utilizes 
SR-4 wire strain gages. The elastic strains in the dynamometer are 
recorded by a two-channel strain analyzer and oscillograph. A 
calibration curve is used to translate strain into load. Strain 
measurements are made by a clip gage which also utilizes SR-4 
strain gages to translate longitudinal motion into elastic strains 
in the clip-gage beams. The extensometer is shown schematically 
in Fig. 18. The strains from the clip gage are also recorded on the 
oscillograph, Fig. 19. From such a record in conjunction with 
calibration results the load, extension, and strain rate can be 
readily determined. Nominal or time stress-strain diagrams can 
be obtained from load and extension values. Since the extension 
seems to vary linearly with time the nominal strain rate remains 
constant during the test. The true strain rate of course must de- 
However, at high strain rates it becomes extremely dif- 
to maintain 


crease. 
ficult a“ constant true strain rate even with very 
elaborate equipment by increasing the rate of head motion 

\ set of experimental results obtained at Battelle, Fig. 20, 
shows the variation of the flow stress of a fully killed, temper- 
rolled steel sheet at maximum load with temperature and strain 
rate. For this essentially nonaging steel a decrease in the flow 
stress, even though slight, would be expected as with all ma- 
terials which do not exhibit temperature and/or strain or time- 
induced reactions. A similar observation applies to the increase 
in flow stress with increasing strain rate. The behavior is unusual 


since the increase of the flow stress with strain rate is much 


This effect is undoubtedly 
related to the appearance in this material of 


greater at the lower temperatures 
a discontinuous 
vield point, which is sensitive to strain rate, and which raises the 
level of the entire flow curve at the lower temperatures 

The effects of strain rate on tensile strength of various pure 
metals [16] show, as already stated, that the strength increases 
with strain rate However, the effect 
nounced at elevated temperatures. 


is somewhat more pro- 


Two examples of the effect 
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Fig. 18 Design of clip-gage extensometer for high-speed tension testing 
(MacDonald, et al. [20]}) 
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Fig. 19 Load and extension diagrams obtained during a high-speed test 
(MacDonald, et al. [20]) 
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of strain rate on tensile strength of pure copper and aluminum 
are given in Figs. 21 and 22. The flow stress of mild steel, Fig. 23, 
shows a similar behavior at 600 C, a temperature at which no 


discontinuous yielding is observed. The effect of strain rate on 


the change in tensile strength as the temperature is increased for 
various ferrous and nonferrous materials [22] is shown in Fig. 24 
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Fig. 20 Effect of strain rate and temperature on true tensile strength of a 
deep drawing steel sheet (MacDonald, et al. [20)) 
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Fig. 21 Effect of strain rate and temperature on tensile strength of pure 
copper (Nadgai, et al. [16]) 
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Fig. 22 Effect of strain rate and temperature on tensile strength of pure 
aluminum (Nadai, et al. [16]) 
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Fig. 23 Effect of strain rate at 600 C on true stress at various strains in 
mild steel (Manjoine [18]) 


Transactions of the ASME 





of Dorn’s paper indicates that for the intermediate stress region 
the rate-controlling process 1s the cutting by edge dislocations in 
re glide pl ine of dislocations in an orthogonal glide plane and 
the motion may be controlled to a substantial degree by thermal 
ctivation as suggested by Seeger [38 This means that disloca- 


tions do not glide through the lattice at high velocity but are 


momentarily arrested by other dislocations threading the glide 
: | | plane Such a behavior is observed in thin films in the electron 
microscope at reasonably low temperatures where the dislocations 

| 


more eireng in 


Change ine 


idvance along the glide plane in finite steps. The results in Fig 


25 substantiate the Zener-Hollomon parametric relationship be- 


veen the parameter Z temperature, and strain rate 


Fig. 24 Effect of temperature at two different strain rates, 0.00005 and 
1.0 in/in/sec, on change in tensile strength for various ferrous and non- 
ferrous alloys (Kattus |22)) 
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d mode of rupture is shown in 


were obtained from tensile tests on un- 
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The irregiul va i I f the elongation 
be re t necking behavior in the 
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uiverse iflected tor naterial tested | 
ite and In general anu yvement ts lound 
ng © a ul the 


range 
r for 1 cons rupture is inter- 
nd temneratt th intergranular and 
si 1 the ‘ain high strain ra transgranular. The 
in this case is undoubtedly shear-stress 


8 n boundaries mentioned previousl\ At the 
ili ! 


higher temperature 
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‘ 45 « hed load will undergo 


strain rate in inere 
This is in essentia 
been presented th 
Although very lit } VI { Werning processes dur 


£ plastic delormattor rea ! i} Lior I 1enougtl 


temperatures the rate-cor i process is « rf ocatiol 
imb [24 Work of ol , vorkers [24 on the de- 
pendence of flow stress on tem] t and strain rate shows that 
ivation energy for the rate-governing process ts 35,000 calor- 

ies per mole for aluminum Phis is equivalent to the activation 
energy for self diffusion and therefore indicates that the process is 
one of dislocation climb which is one of the processes of recovery 
These results are shown in Fig. 25, which is i plot of the logarithm 
of the strain rate € against the reciprocal of the absolute tempera- 
ture 1/7 for various flow stresses. At the higher temperatures 


the activation energy remains constant at 35,000 cal per mole 


energy decreases but is essentially constant again at verv low 


= \, 
\t intermediate stress levels or temperatures the activation 4 
\ ' 


- * 


emperatures or high stress levels. The rate-controlling process 


ut the intermediate or high stress levels, that is, intermediate Fig. 25 Variation of strain rate with temperature at various flow stresses 
and low temperatures, is not known. Wiedersich in a discussion for pure aluminum (Trozera, et al. {24)) 


Journal of Basic Engineering DECcemBER 1960 / 875 





- creweng lune lor faare 


Fig. 26 Infilvence of strain rate on ductility and rupture behavior of a 
carbon-molybdenum steel at 850, 1000, and 1100 F (Miller, et al. [17]) 
extensive creep. A stress concentration thus develops at points 
where several grains meet and unless the strain energy can be re- 
lieved by boundary migration, which may be very difficult except 
in pure metals, a crack starts normal to the applied load (26). 
Joining of numerous such cracks completes total rupture. At 
intermediate strain rates insufficient time is available for extensive 
creep at grain boundaries, thus diminishing the degree of inter- 
granular rupture. At high strain rate the amount of creep should 
be insignificant as may be interpreted from relation (9), and no 
appreciable stress concentration is developed at points where 
several grains meet. Therefore the rupture is totally trans- 
granular. The latter type of rupture may result from micro- 
cracks formed at the tip of pile-up groups of dislocations. At 
high strain rates dislocation climb is minimized by the short time 
of stress application, thus preventing any relief of the high normal 
stresses developed at the tip of the pile-up groups of dislocations. 


Hardness Measurements at Elevated Temperatures 
Although tensile, creep, and creep-rupture tests are necessary 
to evaluate the strength and ductility characteristics of high- 
temperature alloys, the hardness test has been employed to ob- 
tain an estimate of the tensile, creep, and creep-rupture strength 
p to 2000 F or higher. The advantages of the hardness test are 
] 


several 


Very little time is required for specimen preparation and 
the hardness can be determined at many different temperatures 
A linear rela- 
tionship with little scatter is found between tensile strength and 


on one specimen within a period of a few hours 


hardness ilowever, the relationship between hardness and 


creep or creep-rupture 1s at best approximate Nevertheless, the 
hot-hardness test can be used as a screening tool in the develop- 


ment of high-temperature alloys. 


In addition, it is also found that the hot-hardness test is well 


d as a research tool The measure of hardness at elevated 


peratures 1s very sensiiive to structural changes which may 
time, temperature, or strain induced, or affected by a combina- 


ill three Because of the versatility of this test, these 


changes can be studied under various combinations of 
and some indication obtained of 
Briefly 


means of the hot-hardness test include strain- 


temperature, strain, and time; 
the controlling mechanisms 


been studied by 


the phenomena which have 


aging, precipitation hardening, recovery, and recrystallization and 


ph ise 


changes 

The test methods which have been used in measuring hardness 
it elevated temperatures may be classified into two types, static 
and dynamic [27-30]. In the static test the time of load applica- 


tion is at least of the order of seconds. In the dynamic test the 


load is applied by impact 


of load application at elevated temperatures in a manner similar 


876 


Hardness is found to depend on rate 
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to that of tensile flow strength. For proper evaluation of hot 
hardness test results, it is necessary to report the time of load ap- 
plication. 


Little or no standardization has been achieved in 


methods for dynamic hot-hardness testing; however, some 
standardization has been achieved among hot hardness tests of 
the static-loading type. Because of better control and the greater 
degree of standardization, static hardness methods have proved 
more useful. : 

A hot-hardness tester [30] employing static loading is shown 
schematically in Fig. 27. The lower assembly shows the coarse- 
adjustment jack and the fine-adjustment screw 
rotating stage and anvil stem. 


upper end of the anvil stem. 


vhich support a 

The specimen is positioned at the 
As the lower assembly is raised the 
anvil stem enters the furnace chamber and a seal is formed at the 
bottom end of the furnace tube when it enters the seal cup which 
is attached to the bottom of the anvil stem. The seal is formed 
with a low-melting alloy which is kept molten by a small electric 
heater placed around the seal cup. 

The load is applied directly onto the indenter which 
enters the furnace tube through a flexible bellows attached to the 
stem and furnace tube. the Vickers 


type, is positioned at the bottom end of the stem. The anvil stem 


stem 
The indenter, which is of 


is positioned so that its axis is offset from the axis of the indenter 
stem. By rotating the anvil stem after each indentation, a series 
of hardness impressions can be obtained in a circular path on the 
specimen surface. The distance between impression is controlled 
by the angle of rotation measured on the graduated stage. By 
the system of seals used the load can be applied and relieved and 
the specimen rotated without disturbing the atmosphere employed 
within the furnace tube. A purified atmosphere of 98 per cent 
He + 2 per cent H is employed. The 2 per cent H in the at- 
mosphere and a titanium getter surrounding the specimen are 
used to minimize oxidation. 

A cylindrical specimen up to */, inch in diameter or a square 
The bottom 


The surface 


specimen up to '/2 inch on edge can be employed 
and top surfaces of each specimen must be parallel 
on which the impressions are made is given a metallographic polish 
not only as an aid for more precise measurements of the diagonals 
of the indentations but also to eliminate the disturbed surface 


layer resulting from machining. Measurement of diagonals is 


performed after the specuuen is cooled to room temperature. A 


Fig. 27 Schematic diagram of a hot-hardness tester employing static 
loads (Garofalo, et al. [36}) 
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thermocouple is spot welded onto the polished surface to measure 
surface temperature during testing 

A dead-weight load of 3 to 10 kg may be applied and relieved 
automatically or manually. When loading is done automatically 


) 


the load is applied within 25 nd | held on the indenter for 
Manually the 


relieved 


an additional 1.25 minutes befo g relieved 


load can be applied within one ond and within a 


similar period of time 
Relation Between Hardness and Strength ct Elevated Temperatures. 
sile strength at 


The relations} ip between hot i irdness ind ter 


temperatures between 75 and 1500 F for ferritic and austenitic 
The ratio of 


strength is a constant and is independent 


steels is shown in Fig 28 hardness to tensile 


of temperature as well 
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Fig. 28 Relationship between hardness and tensile strength for various 
steels at room and elevated temperatures (Garofalo, et al. 30)) 
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Fig. 29 Relationship between hardness and creep strength for various 
steels (Garofalo, et al. 30 ) 
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Fig. 30 Relationship between hardness and creep-rupture strength for 


various steels (Garofalo, et al. [30)) 
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48 composition between the limits examined. The relationship 


between hardness H, in Kg/mm?, and tensile strength T.S., in 


psi, may be written as 


H 1.9 « 10 (12) 


However, if the for the hardness are changed to psi the 


proportionality nstant becomes 2.7, which is in good agreement 

with that predi ted from theory of plastu ity [31 

The relationship between hot hardness and ere ep strength fora 
] 


number of steels at various temperatures is shown in Fig. 29. As 


might be expects d the creep stre! gth increases as the hardness 


increases It should also be pointed out that a large amount o 


making the relationship between hardness and 


scatter is found, 


creep strength, at best, approximate The relationship between 


hardness and creep-rupture strength, as shown in Fig. 30, is 


similar to that found for the creep strength 


In order to take into account the differences in strain rates 


during hardness, tensile, creep, 


und creep-rupture testing, at 
tempts have been made to use time-temperature-compensated 
parameters, mentioned previously, to correlate results of these 


tests. The results in Fig. 31 show a so-called master curve [25] 
obtained from hardness, tensile, and creep results for an iron- 


1] > 
ALLOY o£ 


chromium-beryllium These results show again that 
the tensile strength or creep strength can be predicted from the 
hardness test at various temperatures. One objection to this 
type of plot is that the time-temperature -compensated parameter 
Until such 
established extrapolation over wide limits in time and tempera- 


ranted 


may have a limited range of usefulness range is 


4 similar analysis Fig 32, shows the effect of grain size on the 


master curve [33 The constants needed to define the master 


curves for the two different grain sizes differ appreciably. Grain 


size, as one might suspect, may have a measurable effect on hard- 
ness, and a fair de pe ndence of hardness on time of load applica- 
[31] for 


tion is indicated. This effect is shown more directly 
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Fig. 31 Relationship between hardness, tensile strength, and creep- 
rupture strength of a Fe-Cr-Be alloy (Underwood (32!) 
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Fig. 32 Dependence of hardness on loading time for an Fe-Cr alloy 
(Douglass (33 ) 
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zirconium and a zirconium alloy in Fig. 33. As expected there isa 
drop in hardness as the time of load application is increased. It 
would seem that this behavior is related to the creep behavior. 
Certain correlations between hardness and other mechanical 
properties have already been discussed. To take advantage of 
such correlations, extensive surveys over wide ranges in com- 
position and temperature have been made to determine condi- 
tions for optimum high-temperature strength. One such study 
From the 
it is found that hardness maxima are 
At 700 C 
it is shown that phase changes can affect the hardness markedly. 


has been made on the zirconium-uranium system [34]. 
results obtained, Fig. 34, 


observed at various temperatures and compositions. 


Hardness results of this type may also be useful in determining 
appropriate temperature ranges for forging or hot rolling of 
promising compositions. 


Use of Hot-Hardness Tester as a Research Tool. As « research tool 


the hot hardness test is useful for studying solid-state reactions 
which may be temperature, strain, or time dependent or a com- 


bination of these. At elevated temperatures it is first necessary 


to determine the temperature dependence of hardness for high- 


purity metals. In the absence of allotropic transformations and 
at temperatures below recrystallization, high-purity metals 


should not exhibit any solid-state reactions except for the re- 
arrangements of crystal imperfections which are usually termed 


crystal recovery. These are produced during the hardness test 


and may play an important role in the temperature dependence of 
hardness. The typical behavior for the change in hardness with 
temperature for pure metals is similar to that of copper [35, 36], 


Fig. 35. The change in mechanism which accounts for the pro- 


nounced change in slope in the log H-temperature plot Is not 


fully understood The temperature at the intersection of the 


two straight-line segments falls between 0.4 and 0.6 of the ab- 


solute melting temperature of all high-purity metals tested [35, 
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Fig. 33. Dependence of hot hardness on loading time for various alloys 
(Douglass |33)) 


Fig. 34 Hot hardness isotherms in the Zr-U system (Chubb, et al. |34)) 
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36} As will be discussed, above 0.4 of the 
absolute melting temperature, the rate of plastic flow and crystal 
recovery may be controlled by a dislocation climb mechanism. 
This indicates that the strain-hardening effect of barriers block- 
ing arrays of dislocations is diminished, leading to a more rapid 


at temperatures 


decrease in hardness with temperature. 
As shown in the lower part of Fig. 35, “high-purity”’ iron does 
The 


observed maximum in hardness is a typical strain-aging peak. 


not behave in a manner similar to that of other pure metals 


This behavior is caused by residual amounts of C and N which 
effectively pin dislocations in ferrite, as proposed by Cottrell and 
and N in a 


carbon open-hearth steel, shown as Steel ¢ For this material 


eliminated by removing both C commercial low- 
the temperature at the point of intersection lies within the range 
established previously , 0.4 to 0.6. 

Typical strain-aging peaks for a number of commercial carbon 


steels, Fig. 36, occur within the 350 to 400-I range By adding 


molybdenum to a 1 per cent chromium steel the peak is moved to 
about 700 F, Fig. 37. This shift is undoubtedly due to the effee- 
tive retarding of recovery by additions of molybdenum and to 
some extent chromium. Thus the strain-aging reaction is spread 


over a wider temperature range. It may also be observed in Fig 


37 that, in the presence of Cr and Ti or Cr and Si, the strain-aging 
reaction can be eliminated and two lin ts obtained in log- 


segime! 
hardness-temperature plot In both of these steels the nitrogen 
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may be combined with Ti and Si and perhaps Cr and Mo. Car- 
In Fig. 38 
the recovery characteristics of the 5 Cr-0.5 Mo-Ti steel are shown 


This steel was cold-rolled 


bon may be combined with Ti and perhaps Cr and Mo 


1] per cent at room temperature and 


sectioned into e-inch specimens Kac h specimen Was heated to 


a predetermined temperature for 15 minutes and the hardness de- 


termined upon cooling to room temperature. The results in Fig 


38 indicate four stages of recovery. The first stage indicates a 
stre ngt he ning reaction which cannot be ascribed to strain-aging 
as shown in Fig. 37 this alloy show a strain- 


because does not 


It is very likely that the strengthening effect of the 
caused by migration of 
The 


second stage is not understood although it may be associated with 


aging peak 
first stage is vacancies to dislocations caus- 
ing jogs in the dislocation lines mechanism involved in the 
a thermally induced glide in areas of high internal stress leading 
to a distribution of 
third 
be due primarily to thermally-induced glide, dislocation climb, 
and the 
During the fourth stage 
lated to early 


more uniform dislocations along the glide 


planes. During the tage the greater rate of softening may 


resulting annihilation of dislocations of opposite sign 
the reduced rate of softening may be re- 
stages of polygonization and pinning of short-range 
boundary segments by solute atoms Although the nature of the 
four stages, which are perhaps not distinct but may overlap from 
one to the other, is not known, it is believed that the change in 


related to the 


slope in the log-hardness-temperature plot is 
change from the second to the third stage 
As indicated by 


well 


these few examples, the hot-hardness test is 


suited to studying solid-state reactions. Other types of 
phenomena which have been studied with this test, in addition to 
those mentioned, include tempering reactions at the tempering 


temperature and 885-F embrittlement in high-chromium steels 
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DISCUSSION 
M. J. Manjoine* 


Hot-hardness data have been related to the elevated tempera- 
ture strength of materials for the same range of loading or defor- 
mation rates, such as those encountered in forging, rolling, or 
extrusion. We have successfully utilized hot-hardness data to 
determine the optimum temperature for the rolling and extrusion 
of metals with cladding. However, the use of hot-hardness data 
to predict creep and rupture strength may be very misleading. 
The hot-hardness test measures the short-time resistance of the 

3 Westinghouse 
Pittsburgh, Pa. 
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Fig. 39 Creep tests in tension and compression of stainless iron at 
34,000 psi and 1000 F 
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Fig. 40 Tension and compression creep tests on lead and woods metal 
at room temperature 


material under compressive loading. For some materials the 
tensile creep properties are different from those in compression 
Fig. 39 shows that for a stainless iron at 1000 F the creep rate 
in compression is far less than that in tension. This is true even 
if both tests are run at constant true stress instead of constant 
load. This difference in creep strength may be corrected when 
dealing with materials of similar composition and structure 
However, Fig. 40 indicates that, although lead has a higher creep, 
rate in tension than that in compression, woods metal has a lower 
creep rate in the tension direction. 

Finally, the rate effect is much more important in the strength 
of metals at elevated temperatures. In Fig. 41 the creep strength 
of a Cr-Mo steel with several carbon contents is plotted as a 
function of a parameter which is a function of the creep rate and 
the absolute temperature. 

For a constant temperature the log of the strength varies with 
the log of the creep rate as given by the curves. The curves show 
that at high creep rates, extreme right hand, the strength of the 
steel increases with increasing carbon content. This is same re- 
sult that would be found from the hot-hardness test. At the low 
creep rates, such as those encountered in long-time tests, extreme 
left hand, the creep strength decreases with increasing carbon con- 
tent or just the opposite to that which would be predicted by the 
hot-hardness or short-time tensile teste. 
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Author's Closure 

The results presented by Mr. Manjoine are extremely interest- 
ing and indicate further that the relationship between hardness 
and creep strength in tension can only be at best approximate as 
stated in the paper. These results bring up a second point which 
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is of fundamental importance. No present theory of creep can 
predict the behavior observed by Mr. Manjoine and it may well 
be that studies of this type will lead to a better understanding of 
the rate controlling processes in creep and relationships between 
mechanical properties. 
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of minor constituents in the metals 


tion ts strongly 
boundaries 


I. A PREVIOUS PAPER [1]! the creep-rupture prop- 
erties of five alloys of the 80 Ni-20 Cr type were reported. Thess 
illovs ineluded: 


1\ low-silicon (0.12 per cent) vacuum-melted, Mn/S ratio 10 


2V high-silicon (1.33 per cent) vacuum-melted, Mn/S ratio 90 
}\—high-silicon (1.38 per cent) air-melted, Mn/S ratio 3.3 


t(\—low-silicon, air-melted, deoxidation varied, 


Mn/S ratio low 


practice 


air-melted, deoxidation 


Mn/S ratio low 


oA low-silicon, practice V tried, 


\side from the silicon variation 
elements, Mn, C, and 8S 


through 


small differences existed in the 
adjusted 
heats 
Significant differences were noted ir rupture life, or stress for a 
1800 | 

these 


] 
sual 


(arain size was 
heat-treatment to be comparable in all five 
given life, over the test temperature range ol LOOO to 
1200, 1500, and 1800 | 
consistent in that 
illovs 1V, 2\ 


rupture-time regions 


,most tests were at however 


differences were not greater strengths were 


displayed by ind 3A over narrow t mperature and 


shifting from one alloy to another even at 


miy one temperature 


rhe differences among the allovs were most striking in terms of 


ductility values. The reasons for this must be sought in the 


minor constituents and in the structure the grain bounda 


this respect, it was ol part ular interest t » compare the alr- 


ted versus the vacuum-melted alloys. In connection with 


ium melting, a vast amount of literature clearly shows that 
tramp elements and low-melting or volatile constituents are 
ved These impurities 

] 


the grain boundaries and would exert an important influence on 


would normally be found enriched 


grain-boundary sliding, boundary migration, and cohesio 


tween grains. Thus crack initiation and propagation would be 


affected Such effects were indeed noted 


It was also expected that significant etiects would be observed 


to reaction of the itmosphere with the allo Profound 


s have been noted in the case of titanium and several of its 


) 


ys [2] and recent public itions have reported large effects for 


nickel-chromium allovs [3, 4 It was the intent of this investi- 


gation to determine these atmosphe ric effects as a function of 


temperature, time, composition of the alloy (small variations 


ind alloy preparation (air versus vacuum-melted For this 
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By comparison with tests conducted in 
strengthening effect in all cases 


iffected by the melting process 


Behavior of 80 Ni-20 Cr Alloys 


The microstructure of several 80 Ni-20 Cr alloy § was Studted after 
1800 F with respect to the influence of atmosphere. In 


inter rystalline cracks was in 


reep at 1500 and 
particular br »pagation of 
estigated 

argon ttcan be phere hasa 
The mechanism of this effect changes with the variation 


; . 
such as silicon and propaga 


f the grat 


WhIicl 


illoys 1V, 2\ 


ire given in 


purpose, onditions 


teference 


Fig. 1 shows a plot ol log-stress versus log-rupture 
alloy 2\ 
rupture times up to 1000 hr. 


| time lor 
over the temperature range 1000 to 1800 F and for 
This figure is reproduced in order 
to show the irregular behavior noted at certain t 
Normally 


it the equicohesive region, where intercrystallir 


peratures and 
rupture times (or stress). vard occ 
ind at any other region, where 41 weakeni 
tive \ break 
strengthening effect [2 In Fig. 1, V e noted that the 


one s opel i 


upward or a de » in slope indicates 


equicohesive change is observed gion for each 


temperature Subsequently, however, there region of a 


sharp break downward (weakening) followed | 1 decrease of 
This change occurs a orter times tor 


Is the 


break in the curves purely one of the initiation of recrystallization 


slope strengthening 


increasing temperature. The question was thi second 


veakening ) followed’ by grain growth stre 


ngthening) 
there an effect of atmosphere, too? 

Crack Initiation and Propagation. 
1500, and 1800 I 
pleted tests 


Tests were interrupted at 1206 
such interruptions being based on prior com- 


inder compar ible test conditions [1 iter variou 


imounts of creep to try to establish the time for initiation 


intererystalline cracking. The following observations can bi 


made 
l iring the 


second st rystalline 


but also be- 


yi ol creep 1! il ntere 


‘ 
usually located at tri 


CTACKS Ci seen 


tween grains. The number of these small considera- 


bly larger in the case of the vacuum-melted 
illo SA 
» 


2 During the later period of second-stage creep the 
I 


than in the 
iir-melted 
crn ks ol 
illoy 2V open up rather than propagats These cracks are fairly 
iniformly distributed over the entire gage length of the specimen 


eks in allov 3A 


> 


o Ata comparable elongation some of the er 
have propagated much more rapid; 
t During the last increasing number of 


illoy 3A 


large r crac ks, 


stage ol creep in 


newly initiated cracks can be observed in They are 


usually concentrated in the vicinity of the which 
have now spread through a rather large portion of the specimen 
cross section These new cracks are a result of the stress con- 
centrations and bending forces brought about the propagation 
of the earlier cracks 

Table 1 shows, for comparable stress tests at 1500 and 1800 F, 
the amount of elongation contributed to total elongation by the 


crack thickness in axial direction, for the air and vacuum-melted 
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00! 0.1 


0.OO| 


Rupture life, 


Fig. 1 


high silicon heats (see Fig. 2 The thickness of the cracks was 
measured metallographicall) in longitudinal sections over a given 


From Fig. 2, it is obvious that this contribution is 


Nevertheless, 


1um-melted 


gage length 
considerably larger for alloy 2V than for alloy 3A 


the amount of actual metallic elongation of the va 
alloy remains I the 
Table 1 As was illustrated [1], the 


ductility occurs in the last st ige of creep for both alloys 


vastly larger iir-melted alloy set 
difference it 
but the 


illoy is 2 to 3 times that 


bulk of the 


total elongation for the vacuum-melted 
iir-melted alloy 
ind 3A indicate that the air-melted 


because of the greater concentration of impurities and 


measured for the 

Observations of alloys 2V 
alloy, 
constituents, boundary shear initially 


indergot less grain 
the vacuum-melted alloy, with less to obstruct grain-boundary 


ch def 


from intercrystalline cracking 


shear undergoes more rmation ind thus suffers first 


These cracks at triple 


isually 


} 


points, do not, however propagat« ind merely 


fortunately, the 


seem to serve as 


stress-relaxation sources Ur iir-melted alloy 
once such intererystalline cracking takes place, suffers from mort 
rapid crack propagation than does the vacuum-melted alloy 
Influence of Atmosphere on Creep Strength and Ductility. \ number 
of mechanisms have been proposed to explain the strengthening 
influence of atmospheric reaction with the test specimen [3, 4 

In the present study 
1500 and 1800 F for 


deceleration of creep while in the 


those creep tests which were run in air at 


more than 50 hr) showed a 


long times 
last stage of creep, leading to a 
second region of steady-state cree p and later a second pe riod of 
last-stage creep (see Fig. 3 his is unusual because the second 
creep period comes about after major occurrence of intererystal- 
This 
behavior results in prolonging rupture life and brings ibout the 
slope decrease of the curves shown in Fig. 1 

Tests at 1800 F were re peate d on alloy 2V in a highly purified 
argon atmosphere. For (99.8 


per cent Ar) had to pass through a train consisting of calcium- 


line cracking had initiated the normal third stage of « reep 


purification purposes, the gas 
chloride and caleium-hydride drier tubes, a tube with titanium at 
1500 F, and a tube with calcium at 1200 F 
was surrounded by a small tube of pure tantalum. 


The specimen itself 
Before the 
furnace was brought up to test temperature, the system was 


flushed for 2 hr. Subsequently, a pressure slightly higher than 
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l000°F | 


1I200°F 


, 


iO i100 


nours 


Log-stress versus log-rupture life piot of alloy 2V (vacuum-melted, high Si) showing ductility in terms 
of reduction of area as a function of stress and temperature. 


All tests conducted in air. 


Table 1 Contribution of crack volume to total elongation 


Total %E 
% E at due to 
lracture cracks 


of E 


Temp 
Alloy deg | psi 
2\ 1500 5000 5 
3A 1500 5000 9 25 RQ 5 
2\ 1800 5000 56 17 39 
SA 1800 5000 16 9 


Stress E,-E 
per cent 
ig OF 


ad 


1 atm was maintained. Fig. 4 compares the log-stress versus 


log-rupture-time curves for this alloy at 1800 F. The air tests 
show the decreased slope or strengthening effect referred to previ- 
ously The argon tests be gin to show a deviation after about 10 
hr from the More 


test points 


ulr-tested values import int however is the 
At each stress 


strengthening effect of the 


straight-line trend of the therefore 


the air test values show the relative 
atmosphere Fig 


it 1800 | 


3, which compares the argon-versus-air tests 


and 2500 psi, shows the double creep curve of the 


life (11X 


no strengthening eflect 


ir test, the large increase in large 


In an 


rupture and a 


increase in ductility Chere is 


irgon itmosphere 
Fig. 5 compares the reduction-of-area values for alloy 2V at 
1800 F for the air and 


irgon tests. It will be noted that argon 


testing does not prevent the usual drop in ductility (reduction of 


rea) with increasing test time—this drop is normal for high- 


temperature material behavior in the absence of significant 


recrystallization or other effects. However, in the longer-time 
tests, where the air atmosphere prolonged the rupture time, there 
is a sharp increase also in ductility as illustrated in Fig. 5. In 
the argon tests the ductility falls to a low minimum and remains 
there, showing no reversal. 

Microstructural Changes by Influence of Atmosphere. The log- 
stress versus log-rupture-time plots of the three alloys suggest 
that the rate and amount of strengthening (therefore possibly 
the mechanism) are not the same (see Fig. 6, which is part of the 
plot Reference [1]). Careful 
study of the microstructures of test specimens with approximately 


stress-rupture reproduced in 
the same rupture life, coupled with x-ray analysis of the residues 
obtained by electrolytic separation, show that there are important 


differences. See Table 2 and Fig. 7. 
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Fig. 2(a) 
5000 psi. 


Tested at 1500 F and 
10X 


Alloy 2V (vacuum-melted, high Si). 
Rupture life, 870 hr, total elongation, 45 per cent. 


Tested at 1500 F and 5000 
10X 


Fig. 2(b) Alloy 3A (air-melted, high Si). 
psi. Rupture life, 524 hr, total elongation, 12 per cent. 


Fig. 2 Crack propagation. 


Alloy 2V Alloy 2V 


40 x Tested in oir 


| x Tested in oir 
e Tested in Argon 
+ Fracture 


30} 


Test in 


20} 
Argon 


~ 400 600 
Time in hours 

Fig. 3 Creep curves of alloy 2V tested at 1800 F and 2500 psi. Plot 

B shows entire curve of specimen tested in air. @ on both graphs repre- 

sents same point. 
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Fig. 2(c) Alloy 2V. Tested at 1800 F and 2750 psi. 
hr, total elongation, 85 per cent. 10X 


Rupture life, 347 


Tested at 1800 F and 2000 psi 
10X 


Fig. 2(d) Alloy 3A. Rupture life, 445 


hr, total elongation, 16 per cent. 


Vacuum-melted alloy compared with an air-melted alloy. 


ae an 


Rupture life, hours 


Fig.4 Log-stress versus log-rupture life plot of alloy 2V tested at 1800 F 
in air and in argon 


Transactions of the ASME 





Rupture life, hours 


Fig.5 Reduction of area as a function of rupture life for alloy 2V, tested 
at 1800 F in air and in argon 


«6 
'U 


i103 zt Sees Seer 


0 100 
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Fig. 6 Log-stress versus log-rupture life plot of alloys 1V, 2V, and 3A 
at 1500 and 1800F. Taken from Reference [1], Fig. 1. 


Fig. 7(a) shows the structure of alloy 2V tested in argon at 1800 F 
for 390 hr. The structure is quite clean, and shows normal inter- 
granular cracks which are also free of other phases. 

By comparison, Fig. 7(b) shows alloy 1V (low silicon), tested in 
air at 1800 F. In addition to an intergranular product, extensive 
internal oxidation has taken place, both reactions leading to 
strengthening, and the type of behavior noted in Fig. 3. 

Figs. 7(c), (d), and (e) show alloy 2V (high silicon) tested at 
1800 F. View (c) is near the surface and shows internal oxidation 
similar to that in Fig. 7(b); however, an internal examination, 
see view (d), showed vastly less internal oxidation than for alloy 
1V. Intergranular phases were abundantly present, as in al- 
loy 1V, the identity being shown in Table 2, with oxides and chro- 
mium nitride both present. 

Fig. 7(e) illustrates how crack propagation is inhibited by the 
formation of nitrides at the crack tips. It seems that the cohesion 
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Table 2 X-ray analysis of residues obtained by electrolytic separation” 


élloy 1V NiO 
NiO-Cr,0; 
CrO; 

NiO 
NiO-Cr,O; 
Crof ); 
Cr.N 

NiO 

CreO,; 
Cr.N 


* In all cases a few additional reflections were obtained which can- 
not easily be identified. It is probable that they represent double 
oxides or chromium oxide with silicon or iron in solution. It was 
expected that SiO: would be identified; the absence of SiO; reflections 
might well be explained by too small amounts compared with the 
other compounds identified. It seems, for instance, reasonable that the 
oxide formed in alloy IV by internal oxidation is SiOx. 


Vacuum-melted, Si—0.12 per cent 


Alloy 2V Vacuum-melted, Si—1.33 per cent 


Alloy 3A Air-melted, Si—1.38 per cent 


between nitride and metal is better than between two metal 
crystals in the grain boundary. 

Fig. 7({) shows the structure of alloy 3A (internal view). Much 
less internal oxidation was noted in this alloy than in the others. 
Table 2 shows, however, the presence of oxides and chromium 
nitride which were formed extensively during test, and cover most, 
of the intergranular cracked surfaces. 

These studies clearly showed that much more internal oxidation 
takes place in the low-silicon alloy than in the high-silicon alloy. 
The mechanism of strengthening in the high-silicon alloy is that 
of crack oxidation and nitriding, and internal oxidation to a 
lesser extent. It is not quite clear why nitrides were not found in 
the structure of alloy 1V. 

From these results it is clear that the intercrystalline cracks 
which form extensively during the last stage of creep expose metal 
to oxygen and nitrogen from the atmosphere. 

Oxide and nitride formation on these surfaces, and especially 
at the radius of each crack obstruct and delay crack propagation. 
Simultaneously internal oxidation leads to further strengthening. 
The action of either or both mechanisms causes relative strength- 
ening and results in the re-establishment of a second period 
of decreasing creep (see Fig. 3), followed by a second period of 
last-stage creep which brings about failure. Of especial interest 
is the apparent interconnection of the great bulk of the inter- 
crystalline cracks. 

Because of the difference in rate of crack formation and crack 
propagation, the vacuum-melted alloys (1 and 2V) and the air- 
melted alloy (3A) show different amounts of cracked boundary 
area to the atmosphere at any one time during the creep process. 
This would necessarily stipulate a difference in subsequent 
strengthening by reaction with the atmosphere, as evidenced 
by Fig. 6. 
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Fig. 7(d) Alloy 2V. Same specimen as Fig. 7(c), near center of specimen, 
500X 


\ 


Fig. Zla) Alloy 2V (vacuum-melted, high Si). Tested in argon at 1800 
F and 2000 psi. Rupture life, 390.6 hr. S5O00X 


& a 


Fig. Zle) Alloy 2V. Tested in air at 1800 F and 2500 psi. Rupture 


Fig. 7(b) Alloy 1V (vacuum-melted, low Si). Tested in air at 1800 F life, 557 hr. 1000X 


and 2750 psi. Rupture life, 358 hr. 500X 


) 


Fig. 7(c) Alloy 2V (vacuum-melted, high Si). Tested in air at 1800 F_ Fig. 7(f) Alloy 3A (air-melted, high Si). Tested in air at 1800 F and 
and 2500 psi. Shows area near edge of specimen. Rupture life, 557 2000 psi. Rupture life, 445 hr. 500X 
hr 500X 


Fig. 7 Microstructures of different alloys after creep at 1800 F. All specimens etched with 10 per cent chromic-acid solution, electrolytically. 
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Fig. 1 Ideal tube 
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located to include only the most uniform portion of the are in the 
hope that end effects would not be present in the results. 

In the technique developed by Professor Smith for placing the 
points on the tube, it was first mounted in a vertical plane above 
a surface plate. The tube was rotated until a tangent to the arc 
at the location of the desired point was horizontal. The lower and 
upper surfaces of the tube at this point were accurately located by 
means of a height gage. A specially designed fixture was used to 
all 60-degree conical indentation midway between the 
two surfaces. The indentation was approximately 0.001 inch 
across at the top and afforded a good target on which to sight 
the cross hairs of the microscope during the measurements. 

For the measurements, the tube was mounted in a vertical 
plane with the socket down (as shown in Fig. 1) on the table of a 
small toolmakers milling machine. 


make a sg 


The table could be moved in 
three co-ordinate directions by means of screws. A microscope 
was mounted on a bracket from the fixed column of the machine 
with its axis perpendicular to the plane of the tube arc. By using 
‘the vertical and lateral feed screws, the first point to be measured 
was centered in the field of view of the microscope. 

The lead screws were not used for the measurements. Instead, 
the distance between a bracket attached to the table and a similar 
bracket attached to the machine frame was measured. A sensi- 
tive dial micrometer, reading to 0.0001 in., was mounted in one 
bracket with its spindle parallel to the co-ordinate axis being 
measured. 

A stack of standard gage blocks was made up to fill the space 
between the dial indicator spindle and the other bracket. The 
length of the gage block stack which would cause the indicator 
needle to point to zero was taken as the co-ordinate value. All 
measurements were recorded to the nearest 0.0001 in. 


Accuracy 


The piston gage used in the investigation had been submitted 
to the Bureau of Standards for certification. It is estimated that 
the absolute error in the indicated pressures did not exceed 0.25 
psi. 

Considerable effort was expended in determining the accuracy 
of the co-ordinate measurements. For each tube there were six 
co-ordinates measured and each was measured at five pressures. 
An equation of the straight line representing the change of each 
variable as a function of the pressure was determined. If v repre- 
sents any one of the six variables, the slope m and the intercept b 
of the line is given by 


niPv — 2PZv 


n>p* — (=P)? 


a a = ZPZPy 

nip? — (ZP)? 
where n is the number of observations, 5 in this case, and P is 
the applied pressure. After determining the constants of the 
equation, the values of v were computed for the pressures used in 
determining the constants. The difference between the calculated 
value of v and the observed value of v fur each pressure was 
then obtained. 

On examining the 300 sets of 5 differences each, a number of un- 
expectedly large differences could be seen. In an effort to ascer- 
tain their cause, a large scale plot was made of the approximately 
30 sets in which the large differences appeared. In nearly every 
case a single abnormally large error was found which could be 
ascribed to personal error in either reading or recording a measure- 
ment. Although the curves were not recomputed after rejecting 
such points, there is good evidence that the standard error of 
estimate of v as measured by P does not exceed 0.0003 in. In 
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the OSU report the values of AR/R, were rounded off to two sig- 
nificant figures. There is no reason to believe that the error in 
AR/R, is greater than that introduced by the rounding off. 

The values of 2a + h and 2b + h were measured with precision 
micrometers and should be good to +0.0001 in. for tubes having 
good uniformity. 

The values of h on the tube sections were measured at four 
points, the terminals of the major and minor axes. The four 
values, some of which varied significantly, were averaged to pro- 
duce the reported value 


Results 


Because of the large volume of observed data tabulated during 
the investigation, it is not reported in this paper. Table 1 lists 
the characteristics of the tubes and Table 2 shows the results of 
the measurements and the derived parameters for the pressure 
change from zero to maximum only. Because of thelinearity of 
the curves, nothing would be gained by including the results for 
the intermediate pressures. 

Recent authors have used two dimensionless parameters to 
describe graphically the behavior of Bourdon tubes. 

AR E bh* , 
, and the geometric 
R, P a‘ 


These are 


the pressure sensitivity ratio, 


Table 1 
Material 


Physical and dimensional characteristics 
Max P a b 

psi 

410 


510 
410 


E 
x1 0° 
28.5 
28.5 
28.5 

200 28.5 

190 28.5 

40 28.5 

120 28.5 

810 28.5 

810 28.5 -3189 
1000 - 3156 

50 -4086 
130 -4127 
120 4124 

80 4133 

240 -4187 

160 -4163 

200 4203 

160 -4171 

40 -4047 

80 ~4082 

800 -2971 
1000 ~2885 
1000 2973 

200 -4055 

80 4103 

120 -4196 

200 «4253 

800 - 3633 

40 4129 

400 4391 

120 ~ 3875 

120 -3879 

200 3949 

200 - 3948 

240 ©2475 ~0500 

240 - 2480 -0490 

320 02547 -0297 

320 - 2546 -0291 

200 ~3167 -0402 

200 3169 «0409 

800 ~3013 -0528 

#00 3011 -0576 

520 -2981 -1001 

520 - 2986 -1001 

520 - 2986 -1001 

520 - 2986 -1001 

520 2986 -1001 

520 -2985 -1000 

520 - 2986 -1001 
2985 -1000 


Steel 
Steel 


+3346 
- 3366 
- 3420 
+3436 
4491 
- 5507 
4448 
23234 


-0916 
-0751 
-690 
-0788 
-0670 
-0727 
-0775 
-0826 
- 0864 
- 0806 
©1151 
1337 
1279 
1248 
1357 
-1328 
-1313 
1356 
1247 
-1267 
-1251 
-1180 
1133 
1290 
- 1263 
~1136 
.1278 
-1093 
~1129 
-1116 
-0490 
-0479 
-0269 
-0298 


- 0308 
-0368 
0319 
~0264 
-0229 
-0095 
-0171 
-0400 
-0461 
-0498 
-0177 
~0285 
-0251 
20224 
~0385 
~9304 
- 0363 
-0327 
-0156 
-01 86 
-0397 
0599 
-0523 
0370 
-0243 
-0308 
~O464 
-0673 
~0242 
0648 
-0159 
-0162 
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20174 
-0189 
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-0196 
-0198 
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0347 
0349 
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Roh ’ 
parameter -—. Fig. 3 
a? 


shows all the data plotted against 


these parameters. 

Fig. 4 shows a plot of the axis ratio of all tubes as a function of 
the related pressure of the tube 

Fig. 5 shows the wall thickness of all tubes as a function of the 
rated pressure of the tube. Examination of Fig. 3 shows con- 
siderable scatter of the points, a condition encountered by all in- 
vestigators using this graph. Among various explanations for this 
scatter are inaccuracy of measurements, deviation of actual cross- 
sectional shape of the tube from the ideal shape, internal stresses 
in the tube resulting from the forming procedure, and variations 
in the wall thickness around the pe riphe ry of the tube 

In the present investigation any errors due to inaccuracies in 
the measurement of P and AR/R 
the graph 


should not be perceptible on 


rhe author has not been able to determine how to assess the 
Fig. 2 shows the cross- 
The dotted lines are 


drawings made on enlarged photographs of tube sections. 


effect of deviation of shape from the ideal 
section shapes of 6 of the tubes accurate 
The 
solid lines are ideal sections drawn to the same scale from the 
in Table 1 


ixes point tow ird the center of 


tabulated values of a, b, and Ah In these drawings, 


the arrow heads on the minor 


curvature of the are 


Because the value of a enters the pressure sensitivity to the 


fourth power a small difference between its effective value and 


its ideal value would have a marked effect on this parameter. 


Table 2 Performance data and derived constants 


O44 
041 

043 
-03% 
034 

031 
~029 
-030 
-030 
-030 
-030 
-030 
.030 


-029 
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Trial efforts to reduce the scatter by arbitrary adjustments of a 
did not lead to a rational method of establishing the adjustments. 

The effect of variations in wall thickness also are magnified in 
the pressure sensitivity. Measurements were made at four points 
on the section, and in some cases all four values were different. 
The values tabulated in Table 1 are arithmetic averages of the 
four measurements. 

All but one or two of the points are within 25 per cent of a 
smooth curve drawn through them. It would be a simple matter 
to bring them all on this line by small adjustments of a and h. 

All the theoretical work by Wolf [4], Wuest [5, 6], and Clark, 
et al. (7, 8] show that this type of plot should be a family of 
Fig. 4 
shows that the axis ratio of all tubes measured, varied from 0.068 
to 0.420. 
are distinguished from those below in the plot of Fig. 3. 


curves with the axis ratio b/a as the third parameter. 


The average value was 0.244 and the values above this 
This 
plot does not confirm the large effect of axis ratio on the pressure 
sensitivity predicted by theory. 


E 
might 


Kardos [9] has suggested that the unit deflection P 


be a more useful parameter in displaying tube performance. Some 


of his data plotted as log = versus log Ryh/a*® show a straight 


Ry I 


line relationship which could be expressed 


ARE _ (Roh)* 
——s 
Ro P a? 
where K and N are constants depending upon b/a. Fig. 6 shows 
the OSU data plotted in this manner. 
One manufacturer was requested to submit a number of dupli- 
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Fig. 2 Typical cross sections; dotted line, actual, solid line, ideal 
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Fig. 3 Pressure sensitivity curve 
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cate tubes by Professor Smith. It was his thought that by making 
measurements on such a set he could determine the magnitude of 
the variations which could be expected in commercial practice 
These tubes were numbered 43 to 50, inclusive, and inspection of 
lable 1 will show a high degree of uniformity from tube to tube 
Che performance data for these tubes are shown separately in 
lable 3 together with the per cent variation from the average of 
These 


of slight manufacturing variations and measurement errors. To 


the eight tubes variations result from a combination 


the author this table provides justification for the ittempt to 
make all measurements to 0.0001 in 

Of the 240 separate measurements of the point co-ordinates 
which were made on this group of tubes, one was in error by 0.0030 
in., and was rejected as being an observer error The root mean 
square of the remaining 239 differences obtained as previously 
described was 0.0002 inch 

rhe accuracy analysis of the data provided an opportunity to 
examine the results for linearity ol response In every case the 
response was linear with pressure within the accuracy of measure- 


ment 


40,000} 
30,000} 


20,000} 


Use of the Data as a Design Guide 

While this investigation leaves many questions unanswered, 
the data offer a practical guide for at least the preliminary design 
of a Bourdon tube. The first step would be to select the wall 
thickness for the desired pressure range and material from Fig. 5 
Unless the design is for a high production run it would be well to 
check available stock lists so that an easily obtainable wall thick- 
hess can be chosen 

The choice of a value of Ry may be dictated by space considera- 
tions. If not, several tentative values may be chosen. 

The curves give no guide for choice of a value for a; actually 
the range of a covered by the data is not large, from 0.24 to 0.55 
After selecting what appears to be a suitable value, the geometric 
parameter /?)h/a?® can be calculated 


AR E bh a 
can then be taken from Fig. 3 or from Table 4 
R, P a‘ 


After making i final choice of b, the expected value of AR may 


The corresponding value of 


be calculated 

Three factors of interest in the performance of a Bourdon tube 
the angular rotation of the tip A@, and the 
angle 6 between the direction of displacement of the tip and a 


are the tip travel 7 


relerence axis To compute these the included angle of the are 


@ must be established The angle of rotation of the tip will 


then be given by 
—mAR 


Ad = 
? Ro ej AR 


Let the reference axis be established by placing the fixed end 
of the tube at the origin of the co-ordinate system with the neutral 
as shown in Fig. 7. The two com- 


axis tangent to the Y axis, 


ponents ol the tip travel will be 


AX = AR(1 — cos @ — dsin@ 
Ay = AR (sin @ — ¢ cos ¢) 


rhe tip travel will then be 


T = V AX? + Ay* 


Table 4 Consistency in performance of duplicate tubes 


Poh bh? 


AR E Roh 

“! Gee ao 
043 
059 
~O7% 
-084 
-102 
115 
-129 
142 090 
158 -100 
eg -120 
7 140 

3 160 


-020 
-030 
-040 
-050 
-060 
-070 


Table 3. Pressure sensitivity data 


7 AR 1 
Var. Var. 


AR q 


Po Var. 


AR Ebb? § 
.. = 2 Var. 


1.61699 
1.62275 
1.61974 
1.62000 
1.62373 
1.62494 
1.61115 
1.61775 
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16 
-50 
-O1 
02 
225 
-33 
-.52 
-.12 


-02940 
-02997 
-02977 
~02936 
-03035 
- 03002 
-03004 
-02964 


-1.40 
¢ 51 
- 16 
-1.54 
+1.78 
+. .67 
74 
- .60 


-01818 -).25 
-01847 + .32 
01838 — .17 
-01812 -1.58 
01869 +1.52 
-O1848 + .37 
-01866 +1.30 
-01832 - .49 


2878 
2917 
2903 
+ 2839 
2952 
2955 
©2922 
2929 


-1.16 
+ .18 
aad -30 
-2.50 
+1.38 
+1.48 
* «39 


ca 
¢ 2.99 
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Fig. 7 Magnitude (exaggerated) and direction of displacement of points 
on an arc with increasing radius 


The angle @ between the direction of tip travel and the X-axis 
will be 


6 = arc sin 


Fig. 7 illustrates the relative magnitude and the direction of the 
tip travel for various values of @ up to 27. 


Suggestions for Additional Research 

The author has suggested to the RCMPE that a group of 
special tubes be constructed which would be designed to provide 
an answer to some of the outstanding questions. The practice of 
electroforming enables complex shells to be formed by electro- 
plating nickel on a properly shaped matrix to the desired thick- 
ness and then removing the matrix by melting or dissolving it. 
In this proposal a solid torus would be machined from plastic 
with a cross section shaped to produce the desired shape of the 
resulting Bourdon tube. The plastic ring would be given a con- 
ductive coating and plated to the desired wall thickness. 

A plastic is suggested as the matrix rather than a low melting 
alloy to prevent contamination of the plating bath. It is reported 
that baths which have been developed to produce an electro- 
formed object completely free from internal stresses is sensitive 
to contamination by the usual low melting alloys. 
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After completion of the plating, a small segment would be cut 
from the ring and the matrix removed by a suitable solvent. An 
accurate determination of the wall thickness could be determined 
at this time by weighing the ring. End fastenings would be 
attached by soldering and the tube would be ready for measure- 
ments. 

It is believed that a series of tubes could be designed which 
would readily demonstrate the effect of the various parameters. 
It would be possible to duplicate such variations from ideal shape 
as shown in Fig. 2 and compare the results with a tube having 
the corresponding ideal shape. Even a tube of rectangular shape 
as considered by Jennings would offer no difficulty. 

The tensile strength of the electroform would be of the order 
of 60 to 75,000 psi with a modulus of elasticity of approximately 
20 X 10° psi. 
stresses it should be possible to gain some information on the 


Since the tubes can be produced without residual 


maximum stress in a Bourdon tube by applying pressure in suc- 
cessively increasing steps until permanent set occurs 

Preliminary correspondence with organizations specializing 
in high grade electroforming indicate that the total cost of produc- 
ing a tube in this manner might not exceed 50 to 75 dollars 
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DISCUSSION 
G. Kardos” 


The experiments and data presented in this paper do much to 
confirm and enlighten our knowledge of Bourdon tube deflection 
These data, because of the excellent testing method employed, 
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have virtually eliminated experimental error, any remaining error 
is due primarily to manufacturing variation. 
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In Fig. 6 Mr. Exline has plotted the OSU data as log R P 


+ 
= 





— 


Rh 
versus log —~ in accordance with my original paper [9] his 
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curve shows considerable scatter and may lead to the erroneous 
conclusion that the technique is of little value. In my original 
paper I put the limitation on the method that a!! tubes plotted 
have the same major axis, the same axis ratio, and the same curva- 
ture. The data for OSU tubes 11 to 20 meet the original require- 
ment and are plotted as Fig. 8. It can be seen that in this case 
test results differ less than 10 per cent from the mean line. 


ARE 


; . y 
In Fig. 8 the chain line denotes the mean line for 5 from a 


set of data published in reference [9]. Examination indicates 


ty 


that the slope and origin are approximately equal. The data to 
produce the two curves show that their axis ratios b/a are ap- 
proximately the same and although their major axes a and curva- 
tures Ry are different the ratio a/R is the same for both sets of 


a i a 


data. Thus we can modify my original conclusions as follows: 


ARE , ( Roh y 
= K 
RP a’? 


where K and n are functions of b/a and a/R 


“a Fig. 8 OSU data for tubes 11 to 20 
rhus it seems that a curve such as given in Fig. 8 can apply 


2 Engineering Supervisor, Aviation Electric Limited, Montreal, © & much wider number of geometrically similar tubes than was 
Canada. Assoc. Mem. ASME. envisioned in my original paper. 
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ex. nui. | Control of Oil Whip Frequency Ratio 


Mechanical Investigations Section, 
General Electric Research E . . . . . ; , 
~xperiments described in th show } itermediat eve 
Laboratory, Schonectody, WN. Y. : p cr 1 this paper show that a rotata ne intermediate sleeve in a 
Journal bearing will change the average oil film velocity and hence can be made to control 
ow whip frequency. This device should allow oi! whip frequency control of shafts 
running at two or more times their critical speed. 


Introduction Actually the oil whip rotational lrequen y V,, will be slightly less 
than N;/2. The slip will supply energy for maintaining the shaft 
in its oil whipping motion as slip in an induction motor provides 
output energy. 


IL WHIP is generally considered to occur at half 
shaft speed although in practice the ratio is slightly less than one 
half. The resultant slip supplies the energy for sustaining the 
oil whip motion. There are exceptions to the half frequency rule 
in some critical speed oil whip experiments [1].! In these cases 
the oil whip will lock in with the shaft critical speed when the 
shaft running speed reaches twice critical. The shaft may con- 
tinue to whip at its critical speed over a 2-to-1 or larger running- 
speed range 


If now we add a rotatable sleeve to the bearing as shown in Fig. 
2 we may control the average oil film velocity and the oil whip fre- 
quency. The sleeve is made with a small clearance between its 
outer diameter and the bearing, too small for oil whip. When the 


We believe that some oil whip problems could be solved if one 
could control positively the ratio of off whip frequency to shaft 
speed rather than accepting the one half value which nature 
provides 


Simple Theory 

A simplified digest of the oil whip mechanism may be pre- 
sented with the aid of Fig. 1. O’ indicates the equilibrium posi- 
tion of a journal center. The journal is rotating at the speed N,, 
in a bearing whose center is at O. This position O’ is chosen by 
the journal as a result of equilibrium between the fixed load W 
(represented by the force vector RW) applied to the bearing, and 
the integrated hydrodynamic oil film pressure reaction repre- 
sented by the equal and opposite force vector WR. 

If we assume that oil flow in the supporting oil film region is +. 
aries, the average angular velocity of the oil will be N, 2 (see Fig. 1 Average oil velocity in a journal bearing 
Fig. 1) 


laminar and that its velocity varies linearly between the bound- 


Conditions shown in Fig. 1 are for the steady-state running of a 
loaded bearing without oil whip. If we remove the load W and 
then strike the shaft in such a way that the journal center will re- 
turn to its former position O’, oil whip may be induced. The oil 
pressure reaction WR, no longer counterbalanced by RW, acts 
on O’ pushing the journal around O with the torque WR x OB : eLOTiTY 
When O’ moves to a new position, WR will change direction, ; 
continuing to rotate O’ about O in the direction of shaft rotation 
V,. This torque will be present for all positions of O' except O. 

he maximum speed which the oil film may force O' around O 
is equal to the average velocity of the oil in the film or N,;/2. 

Numbers in brackets designate References at end of paper. 

Contributed by the Lubrication Division and presented at the 
Lubrication Symposium, New York, N. Y., March 14-15, 1960, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
indersteod as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 31, 1959. Paper No. 60—LubS-1. 


ROTATABLE 
SLEEVE 


Fig. 2 Average oil velocity in a rotating sleeve bearing 


Nomenclature 





radial clearance, in. N oil whip rotational frequency, bearing center 


es . ous . rpm 
eccentricity ratio, OO'/Cp, di- : 


mensionless 


journ al center 
sleeve speed, rpm 


: ; oe = 
oil whip frequency ratio, di- eccentricity, 1 
shaft speed, rpm mensionless j load, |b 
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sleeve speed is N, the average angular oil velocity, between 


the sleeve and journal, will be (N; + N,)/2. Oil whip frequency 


should be equal to or slightly less than this value or 


Ss 
N i 


< 
a 


and the oil whip frequency ratio will be 


Sleeve rotation in the same direction as the journal is turning will 


increase the oil whip frequency ratio N,/N 
will decrease this ratio 


reverse rotation 


~ 


Apparatus 


A simple vertical shaft apparatus was built as shown in Fig. 3 
The main shaft is 1 in. in diameter and 36'*/). in. between bearing 
centers. At the upper end the shaft is supported in a single-row 
ball bearing which may be considered as a pivot bearing for small 
radial displace ments of the shaft’s lower end. The shaft is driven 
by a 1-hp d-c motor through a pair of metal universal joints. 

At its lower end the shaft is 


Two bearing types were used in these experiments as shown in 


supported by the test bearing. 


Fig. 4 Plain bearing and rotating sleeve bearing 
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Fig. 4. A normal bearing (Fig. 4a) is edge oiled from a groove 
near the top supplied by a gear pump at 5 psi. In Fig. 4(b) the 
same journal is shown surrounded by a rotatable sleeve running in 
a bearing similar to that shown in Fig. 4(a). The sleeve-journal 
surface is oiled via 8 holes passing through the sleeve. Diametral 
clearances between the bearing and sleeve are small, but large be- 
tween sleeve and journal. In the simple bearing (Fig. 4a) the 
diametral clearance is 5.0 mils. The bearing with a sleeve shown 
in Fig. 4(b) has a diametral clearance between the bearing and 
sleeve of 1 mil, and between the sleeve and journal of 5.0 mils. 

The sleeve may be rotated in either direction from an external 
variable speed motor and timing belt (no slippage). 

Just above the test bearing a 23-lb flywheel is attached to the 
shaft. This weight was added to make the oil whip movements 
more regular and repeatable 

Instrumentation is relatively simple. Radial shaft displace- 
ments are picked up immediately above the bearing through con- 
tact with the shaft by a differential transformer excited at 10,000 
eps. The resulting signal, after being electronically treated, ap- 
pears as a trace on Brush oscillograph paper (see Fig. 5). Three 
other traces appear on this oscillograph record; a one-fifth-second 
time pip, a once-per-revolution shaft pip, and a pip at once-per- 
ten revolutions of the sleeve. 


Results and Discussion 

With the bearing arrangement shown in Fig. 4(a), data were 
taken which show the oil whip frequency ratio N,/N, and total 
amplitude of the oil whip motion versus shaft speed. As plotted in 
Fig. 6 we see that N,/N, varies from 0.49 at low speed to 0.46 at 
4000 rpm. Presumably the energy requirements for maintaining 
whip at high speeds are greater than at lower speeds, hence the 
larger slip to supply this energy. Whip amplitude drops off 
rapidly at low speed where the whipping tendency of the shaft 
tends to disappear [2]. 

The bearing arrangement was changed to that shown in Fig. 
1(b) incorporating the rotatable sleeve. 


= 


zero, data shown in Fig, 7 were taken. 


With a sleeve speed of 
N,/N, results are about 
as shown in Fig. 6, although in the Fig. 7 case the shaft oil 
whipped at a lower shaft speed. Data shown in Figs. 6 and 7 
have established the classical oil whip frequency ratio of 0.48 to 
0.5 for this apparatus. Other investigators report a similar be- 
havior in frequency ratio [2, 3]. 

When the bearing sleeve is rotated, the ratio N,/N; may be 
changed radically. Data for N,/N; versus sleeve speeds are 
plotted in Fig. 8 for several shaft speeds from 500 to 4000 rpm. 
The slope of the curves drawn through the plotted points is as 
required by expression (2) 


a ee 
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Fig. 6 Oil whip 
shown in Fig. 4(a) 
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Ne = Ni +N, 


< 
N; 2N; 


where these curves pass through the zero sleeve speed point. 
When the shaft and sleeve are rotating in the same direction, 
Equation (2) is satisfied for the entire tested range for shaft 
speeds of 500 and 1000 rpm. In the remainder of the conditions 
covered by Fig. 8, the values of N,/N, fall below the constant 
slope required by expression (2) for high sleeve speed in the 
same direction as shaft rotation and at all sleeve speeds for re- 
verse direction. No explanation is offered for the departure from 
linearity in the regions mentioned. 

This method of controlling oil whip frequency ratio appears 
effective over the speed ranges used in these experiments. N,/N, 
has been increased up to 8 times normal and reduced to '/; normal, 
a variation of 24-fold. We see no reason why the range cannot be 
extended in the upward direction without limit. The upper 
limits shown in Fig. 8 are dictated by motor speed and power in 
our apparatus. When the sleeve rotates backward with respect 
to the shaft, oil whip amplitude becomes small ('/, mil total 
amplitude). Fig. 9 shows the decrease in oil whip amplitude in 
terms of eccentricity ratio as the backward sleeve rotation is in- 
creased. For the conditions tested in this apparatus and at 
4000 rpm CW shaft speed, the oil whip amplitude was reduced 
from 3 mils at zero sleeve speed to '/,; mil at 2000 rpm CCW 
sleeve speed. 

It might be useful to speculate on the application of this de- 
vice to a machine which we assume is limited by critical speed oil 
whip, in that the first shaft critical speed must be held to greater 
than one half the running speed in order to avoid critical speed 
oil whip. Assuming a shaft speed of 1000 rpm, Fig. 8 tells us that 
with no sleeve we must design the shaft with sufficient stiffness to 
keep the first shaft critical above 500 rpm in order to avoid 
critical speed oil whip at the ratio N,/N,; = 0.5. However, if we 
install a sleeve and rotate it backward at 500 rpm then N,/N, 
will be less than 0.2, and we may run a shaft at 1000 rpm whose 
critical speed is 200 rpm without encountering critical-speed 
oil whip. Furthermore, at this sleeve speed the amplitude of oil 
whip will be reduced to '/. normal as indicated in Fig. 9 

This oil whip control device as tested depends on a close 
clearance between the rotating sleeve and the outer fixed 
bearing to suppress any oil whip tendency in the oil film occupying 
this space. A close running clearance may be assured by making 
the sleeve expandable as in a very wide piston ring 
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Fig. 7 Oil whip amplitude and frequency ratio for the bearing with a 
rotating sleeve shown in Fig. 4(b). Sleeve speed = 0. 
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Fig. 9 Eccentricity ratio versus sleeve speed for two shaft speeds, 1000 and 4000 rpm 


Conclusions 


From the experimental results described we see that oil whip 
frequency ratio can be controlled by inserting a rotatable sleeve 
in an oil whipping bearing. In addition, the oil whip amplitude 
is much reduced when the sleeve is rotated backward with re- 
spect to the shaft. 

We may infer that average oil film velocity is a simple average 
of the boundary velocities over the range shown in Fig. 8 in which 
the shaft-speed curves are straight lines. 
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l. a recent paper A. B. Jones |1}|' analyzed the way 


in which the motion of a ball in a rolling bearing is controlled by 


friction forces deve loped in the zones of contact between the bal! 


and the races. In that study the surfaces are permitted to com- 


press elastically so that contact is established over an elliptical 


area defined by the Hertz theory On the other hand, tangential 


compliance of the surfaces under the action of interfacial friction 
forces 18 explicitly excluded from consideration 


The present author has recently investigated several aspects 
I - I 


of the effect of tangential elastic displ cements in the contact 


) 


zone on the rolling motion of a ball [2,3 In this note discussior 


will be restricted to effect of t ingential « ompli unce on the friction 


moment resisting the motion of a ball which is spinning whilst 


rolling (denoted by Q, in reference {1 The problem then cor 


a ball of radius which has a forward rolling velocity [ 


cerns 


while having at the same time an angular velocity of spin w 


about an axis perpendicular to the contact surface. It is required 


to determine the magnitude of the moment about this axis, Q, 


due to friction forces at the interface 
If tangential displacements in the contact area are ignored, the 
relative 


rolling motion does not contribute to the velocity be- 


tween points in the surface of contact, so that the relative mo- 


tion reduces to one of simple rigid-body spin about a norma! axis 
through the center of the contact « llipse; as though the ball wer 
pivoting about the axis without any forward roll. Assuming that 
the frictional force at any point in the contact area is equal to the 
product of a constant coefficient of friction pand the normal pres- 
moment is easily calculated to be 


sure at that point the friction 


given by 


where £ (€) is the complete elliptic integral of the second kind 


whose modulus depends upon the shape of the contact ellipse 


according toe = ] b*/a Ihis is equation 179) in ref- 


ilso taken 


lastic displacements during rolling 


erence {1} from which the 


notation is 
The effect of t ungential ¢ 


to make the actual relative velocities between con 


pattern ol 


tacting points much more complex. Particularly for small ang 
| 


lar velocities of spin, interfacial slip is eliminated from an ap- 


preciable fraction of the contact area It is shown in relerence 


2| that slip initiates at the trailing edge of the contact surface 


and spre ids over the contact area as the spin velocity is incre ised 


in relation to the rolling velocit However, even at the large 


spin velocities normally encountered in angular contact bearings 
an area of no slip still exists near to the le ding edge ot the con- 
tact The pattern ol slip for a circular contact area has been ob- 
served using a rubber ball rolling on a transparent plane onto 
which a screen of ink dots had been printed previously, Fig. 1. 
The ink has smeared where slip occurred, and it can be seen that 
! Numbers in brackets designate References at e1 d ol paper 
Contributed by the Lubrication Division and presented at the 
Lubrication Symposium, New York, N. ¥ March 14-15, 1960, of 
THe AMERICAN Socrety or MecHanicat ENGiIneers. Manuscript 
received at ASMI August 27, 1958. Paper No. 60 


LubS-2. 
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A Note on the Influence of Elastic Compliance 
on Sliding Friction in Ball Bearings 


the slip is restricted to the rearward quadrants of the contact 
irea. The pattern is very different from the rotationally sym- 
metrical one which would be expected for rigid-body spin. It 
is now clear that the frictional spinning moment exerted during 
rolling will be less than the value predicted by equation (1) for 
two reasons a) Since slip does not occur every where the fric- 
tion forces will not reach their limiting value everywhere, and 


6) slip is not always in a circumferential direction so that the 


Jriction forces will not exert a maximum moment about the spin 


iXIs 
Experiments [3] with a ball in a very shallow groove (circular 


contact area) showed the frictional spinning moment to be a 


function of the parameter w,r/U and to have a mazimum value 
ibout 60 per cent of the pivoting friction moment given by 
equation (1 

lo cover the practically more important situation of close con- 
formity between the ball and the groove in which it rolls, further 
experiments have been performed which are reported in this 
note 

The races of a commercial thrust bearing were used having a 
16-in In all 


surfaces were oiled and then lightly wiped 


track of 1 radius and a groove of 0.231-in. radius 
the experiments the 
dry of surplus oil to eliminate any hydrodynamic action. To 
simulate the conditions under which equation (1) might be ex- 
pected to apply balls of different size were pivoted about the 
The 
measurements showed that in each case the friction moment Q 


load P)* 


the coefficient of friction was reasonably constant. 


spin axis (without rolling) under a wide range of load. 


o 
was directly proportional to thereby indicating that 
The results 
where it will be seen 


for different ball sizes are given in Fig. 2, 
that they fit equation (1) very closely taking a value of wy = 0.125 
This value, although high compared with that quoted by Jones 


1] is consistent with the author’s previous work. 


— 
contact circle, 2c 


Fig. 1 Circle of contact of a rubber ball rolling with spin on a transparent 
plane showing pattern of slip 
+ Forward rolling direction of ball, U 


~ Spin direction of boll, w, 
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Fig. 2. Frictional spinning moment Q, as a function of conformity be- 
tween ball and groove 
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The frictional spinning moment was then measured during 
rolling for comparison with equation (1). In this experiment 
the bearing rotated freely about a vertical axis, containing three 
balls only and with no cage. In both this and the pivoting ex- 
periment, the friction moment was observed to be independent of 


speed, which supports the contention that the frictional behavior 
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was not influenced by hydrodynamic action. It might be men- 
tioned here that local contact deformation influences the ob- 
servation of frictional spinning moments in a way which is per- 
haps not widely known. It has been shown in reference [3] that 
a ball in a thrust or angular contact bearing does not take up a 
position in the trough of the groove, but creeps outward from 
the bearing axis until the tangential planes at the points of con- 
tact are inclined to each other at an angle 28. The positions of 
the balls in the groove were carefully observed from which the 
angle 8 was found in some cases to be as much as 4'/, deg. The 
spin-friction moment is then related to the moment about the 
bearing axis Q, by the expression 


Q, = Q, (cos B+ : tan 8) 
Tr 


where e is the radius of the track of the ball center. It is finally 
necessary to allow for the contribution of elastic hysteresis to the 
resistance to rotation of the bearing. Here the theory of Tabor 
[4] has been found satisfactory, by which 


(Q.)nye = 0.0018 : Pb (3) 
r 


where P is the normal load per ball. 

The results of these measurements are also plotted in Fig. 2 
It is evident that even with close conformity between the ball and 
groove the spin frictional moment during rolling is appreciably 
lower than the value calculated by equation (1 

It should be mentioned in conclusion that, although the angular 
velocities of spin in the pivoting experiments and the rolling ex- 
periments were the same so that direct comparison between them 
is valid, the actual magnitude of the spin velocities (1—4 radians 
sec) was small compared with high-speed ball-bearing practice. 
At high speed it is likely that the behavior of the contact forces 
will be further complicated by hydrodynamic action. 
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Pressure Oscillations in a Water-Cooled 
Nuclear Reactor Induced by Water- 
Hammer Waves 
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Shutdown of the Babcock & Wilcox' nuclear reactor water coolant pumps will cause 


check valves to close which will induce the generation of water hammer in the system 
The magnitude, frequency, and duration of possible pressure oscillations in the pipeline 
and the discharge of the pressure oscillations into the attached plenum chamber were 
evaluated. Although the plenum chamber contains a great number of suspended rods, 
it was possible to establish the upper bound for the pressure loading across the internal 
structure of the plenum chamber at various stations for determination of design 


criteria 


Introduction 


A Origin of Problem. Shutdown of the reactor water pumps 
was expected to interrupt the steady flow of the water column 
in the pipe which would have resulted in sudden closure of a 
check valve. Sudden closure of the check valve would have then 
caused water-hammer pressure pulses to travel along the approxi- 
mately 60 ft of pipeline between the check valve and plenum 
chamber. Thus, the water-hammer waves could have caused 
stress loads on the check valve at one end of the pipeline, and 
then the discharge of pressure pulses into the plenum chamber at 
the other end of the pipe line. The purpose of this re port is to 
ana.yze the fluctuating pressure ioads on the check valve and 
also on the components inside the plenum chamber. 

B Description of the Water-Hammer Cycle in the Pipe. Qualita- 


‘ This program was sponsored by The Babcock & Wilcox Com- 
pany, Atomic Energy Division, Lynchburg, Virginia. 

Contributed by the Water-Hammer Subcommittee of the Hy- 
draulic Division and presented at the Gas Turbine Power & 
Hydraulic Conference, Houston, Texas, March 6-9, 1960, of Tue 
AMERICAN Society Or MECHANICAL ENGINEERS 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. . Manuscript received at ASME Headquarters, July 10, 
1959. Paper No. 60—Hyd-2 


Nomenciature- 


tively, the water-hammer cycle can be described as follows: The 
sudden closure of the check valve interrupts the steady flow of the 
water column in the pipe. The kinetic energy of the flow- 
ing water is converted into the elastic energy of the stretched pipe 
and compressed water. This condition of zero water velocity 
and stagnation pressure spreads from the check valve to the 
plenum chamber with acoustic velocity as is shown by the upper- 
most schematic of Fig. 1. 

The second portion of the cycle begins after the entire line is 
filled with compressed stagnant water that is at a higher pressure 
than the water in the plenum chamber. Thus the pipe begins to 
discharge the high pressure water back into the plenum chamber 
As shown in Fig. 1, the initial reservoir pressure is being propa- 
gated into the pipeline, and the initial magnitude of the velocity 
of the water is being restored except the direction of the velocity is 
opposite to the initial direction. 

The third portion of the cycle begins after all the water in the 
pipe is at the initial pressure, but the water is flowing out of 
the pipe into the plenum chamber. The water column that moved 
into the plenum chamber in the previous cycle was moved by 
the regained elastic energy stored in the stretched pipe and com- 
pressed water and also by a force created by a pressure difference 


between the pipe and reservoir. However, in this cycle, the 





G. = 


H, = 


smaller cross-sectional area 

larger cross-sectional area 

wall thickness of pipe 

speed of sound 

diameter 

modulus of elasticity of steel 

pipe friction factor proportional 
to the water flow velocity 
squared 

pipe friction factor proportional to 
the water flow velocity 

gravitational constant and con- 


Ib» ft 
version factor 32.2 - 
lby sec? 
& constant 
& constant 
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bulk modulus of elasticity of water 

length of pipe 

an integer 

number of pressure reversals 

pressure 

effective modulus of elasticity of 
pipe and water 

radius 

time 

time dependent function 

velocity 

weight density of water 

space dependent function 

frequency of water-hammer cycle 
defined by Equation (23) as 


] > 
| 22 om |; ] 
\ 2p 


area ratio factor, 1 — A/a 

2n-1f 
2 L 

dummy variable 

area ratio factor, 1 + A/a 

mass density of water 

Poisson’s ratio (o = 3.6 for iron or 
steel) 

time 
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Fig. 1 Water-hammer wave cycle caused by instantaneous valve closure 
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Fig. 2. Pressure oscillation in the pipeline at the closed valve 

water column in the pipe continues to discharge into the plenum 
The 
water column tends to empty the pipeline and thus the water 
When the 
water pressure attains a sufficiently low level in the pipeline, the 
momentum of the 


chamber because of the momentum of the water column 
pressure drops to below plenum chamber pressure. 


water outflow is balanced by the adverse 
pressure gradient so the fluid comes to rest. 

The fourth portion of the cycle begins after the entire fluid 
column is stagnated and at a pressure that is lower than the 
This differential 
causes plenum chamber water to flow into the pipe at the plenum 
chamber pressure and with the initial velocity magnitude and 


direction 


plenum chamber water pressure. pressure 


The lower schematic of Fig. 1 shows this condition 


Fig. 2 portrays the pressure-time history of the water-hammer 


cycle at the check valve end of the pipe. 
C Description of the Water-Hammer Cycle in the Plenum Chamber. 
Che water-hammer wave discharges into the plenum chamber 
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Fig. 3 Contours of equal pressure loading in plenum chamber caused 
by water-hammer waves discharging from the pipe 
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Fig. 4 Contour of two-dimensional duct for a plane wave which is 
hydraulically equivalent to the three-dimensional plenum chamber con- 
taining a spherical wave 
ind induces pressure loads on the plenum chamber structure 
The initial wave from the pipe exit is a steep fronted, flat topped 
compression wave. As the wave spreads into the large plenum 
chamber, the compression wave changes wave form and reduces 
in strength 

At the pipe exit the wave front is a planar disk, but at several 
pipe diameters downstream of the pipe exit the wave front be- 
comes spherical, as shown in Fig. 3. Since the wave front propa- 
gating into the plenum chamber is obstructed by the internal 
structure and bounded by the cylindrical geometry of the plenum 
chamber, the surface area of the wave front is distorted from that 
The 


bounding eylindrical walls cause wave reflections to superimpose 


of a simple spherical wave internal structure and the 


themselves upon the compression wave emanating from the pipe 
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exits. In addition, as shown in Fig. 4, the spherical wave moving 
biasly through an obstructed cylinder becomes equivalent to a 
plane wave moving through a duct of varying cross section which 
will cause only a portion of the incident compression wave to be 
transmitted and the rest to be reflected. Thus, the plenum cham- 
ber contains a complicated array of undulating pressure waves 
These pressure oscillations cause dynamic loads on the reactor 


plenum chamber internal structure 


Explanation of Model Used in the Analysis 


As a matter of convenience, the water-hammer pressure oscilla- 
tions in the system are treated in two parts. First, the pipe will 
be considered independent of the plenum chamber by applying 
the usual open-ended pipe boundary conditions. Second, the 
transmitted and reflected pressure waves at the open-ended pipe 
is considered with particular emphasis on the wave transmitted 
into the plenum chamber 

A Pipe. 
follows the usual acoustic approximations that second order terms 
as Udp/dr and Udl/dr are 


The analysis of the pressure oscillations in the pipe 


such negligible. Since the decay 


of the oscillations is of frictional effects 
must be included 


ne end of the 


primary concern, the 


pipe is terminated by a valve which is assumed 


to close instantaneously, thus providing a zero velocity boundary 


rhe other end of the pipe is open providing a constant pressure 


boundary when entrance and exit losses are neglected 


B Plenum Chamber. Herein the assumption of a constant pres- 


sure 


between the pipe and plenum chamber is investigated. 
Rudinger [2]? has shown that, for a pipe terminated by an infinite 


reservoir and for distances greater than a few pipe diameters from 


the open end, the pressure in the pipe is that given by a constant 


pressure boundary since 


ipe is 36-pipe-diameters long, the 


constant pressure boundary condition is satisfactory for the 


On the other hand 


of a few pipe diameters into the plenum ch 


nAalysis of the pipe it distances of the order 
imber, pressure-time 
histones are of interest 

rhe plenum chamber contains the reactor core 


This is 


obtain 


ind associated 


structure in a cylindrical shel 1 complicated three- 


dimensional systen In order to in estimate of the pres- 


sure-time history ithin the plenum chamber, the three-dimen- 


sional svstem was livalent one-dimensional sys- 


tem of varving cross sectio I ilvzed by the rustic 


ipproxl- 
mation 

The interaction of the vave tronts w ith the comple x 
internal structure and cylindrical boundary of the plenum cham 
ber causes wave reflections and viscous friction losses that lead 
to pressure wave shape distortion. Thus, neglecting these effects 


loads 


however, does 


results in a conservative estimate of the average 


This 


not exclude the possibility of local high pressures that are charac- 


pressure 
it various stations in the plenum chamber 


teristic of wave reinforcement The extent of the wave shape 


distortion makes it unreasonable to carry the analysis bevond the 


point where the wave approaches the end of the reactor vessel 


Damage Potential 


A Pipe. 
ciated with a water-hammer wave is given by 


As shown in Equation (5), the pressure pulse asso- 


AP pe( AU 


Thus, for example, velocity changes of only 3 ft per sec in a fluid 
having a density of 62 lb per cu ft and a sonic velocity of 5000 ft 
per sec, could cause a pressure pulse of approximately 200 psi. If 
the fluid were at an elevated temperature and pressure, then the 
density and sonic velocity could become 50 lb per cu ft and 3000 ft 


* Numbers in brackets designate References at end of paper. 
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per sec, so that the 3 ft per sec fluid velocity would then only 


cause approximately 100 psi pressure pulses. The latter example 
more closely describes the condition anticipated in the coolant 
water of a reactor 

For the condition of 60 ft of pipe length, and a sonic velocity 
of 5000 ft per sec, 
verse itself every 2L/c 


the pressure pulse at the check valve would re- 
24 milliseconds. But when the sonic 
velocity is reduced to 3000 ft per sec, the pressure pulse at the 
check valve would reverse itself every 40 milliseconds 

The amplitude of the water-hammer cycle decays exponentially 


beeause of the pipe wall frictional effects where 


I 


Equation (23), 


t 
3 although the periodicity of the 


P-—P 


water-hammer cycle can be considered constant, Equation (23 


is proportional to ¢ 2p 


For exponential pressure decay it is usually assumed that the 
time for the pressure pulse to decay to 36.7 per cent of its initial 
value is significant. 


He nee 


of its initial value in the time, 7p 


Thereafter, the pressure decays at a much 


slower rate the pressure pulse will decay to 36.7 per cent 


2p 1D 
Tp ; 
F fl 
Continuing with this hypothetical example, only the diameter of 
D 1.67 ft and friction factor of f 
determine Tp 


0.013 need be specified to 
171.5 sec, i.e., 3570 cycles or 7140 pressure re- 
versals at the check valve before the pressure amplitude-decays 
to within 36.7 per cent of its initial value. If entrance and exit 
losses at the junction between the pipe and plenum chamber is 
taken into account, then it can be shown that the decay time 7p, 
is shortened from 3 minutes to less than 1 minute. 

The pressure and temperature level of the water within the 
pipe is significant from two aspects; (1) magnitude of pressure 
For the first 
conside ration suppose the pressure level 18 Taste d from P to P’ and 


to 7 


pulse 


mechanisms of pressure pulse decay 


the temperature level is raised from 7 then the magnitude 


of the new pressure pulse is P 


o"( »” K’ \e-s 
pe (‘ ) pure ( f : ) 
pe p K 


consideration, if the pressurization level is greater 


P p' Ue 


For the second 
than the water-hammer pressure amplitude then wall friction and 
entrance-exit losses decay the pressure fluctuations. However, if 
the pressurization level is less than the water-hammer pressure 
amplitude then there is an additional decay mechanism as was 
Leconte [3]. Each 
time the water att« mpts to achieve pressure below the vapor pres- 


shown by the experiments and analysis of 
sure, the pressure is held constant at the vapor pressure or at a 
metastable pressure level lower than the vapor pressure until the 
next cycle begins 
chopped off The 
more rapid amplitude decay than in the conventional water-ham- 


Thus the negative pressure fluctuations are 
irreversible losses of this condition cause a 


mer condition In addition, the time period between cycles be- 


] 


comes progressively shorter. Leconte [3] introduces the term 


Coefficient of Restitution,”’ 


which is used to evaluate the pro- 
gressive amplitude decay and frequency increase of water-ham- 
mer waves which are driven by a reservoir of insufficient pres- 
surization. 

B Plenum Chamber. 


cident compression wave 


The peak pressure loading of the first in- 
as it progresses across the plenum 


chamber is shown in Fig. 6, and derived in Appendix C, 

The pressure distribution at the pipe exit is almost the same as 
the pressure distribution in the pipe. The pressure distribution 
near the pipe exit exhibits the pressure decay with increasing dis- 
tance as in the case of spherical wave propagation from a point 
source wherein the pressure varies inversely as the first power of 


the radius. The pressure further downstream from the pipe exit 
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Fig. 5 Contour of a one-dimensional duct which approximates the propc- 
gotion of an acoustic wave through a duct of varying cross sections 


Fig.6 Pressure loading across each station of the reactor plenum cham- 
ber caused by discharge of a water-hammer wave from a pipe 


ipproaches a constant value as in the case of a plane wave moving 
through a constant area duct. As the wave progresses further 
into the narrowing cylindrical plenum chamber, the pressure be- 
gins to recover. 
Figs. 3, 4, and 6 


Fig. 6 is based upon the absence of wave reflections from in- 


These qualitative trends can be deduced from 


ternal structure, therefore, the solution to the wave propagation 


( 


sracteristics beyond five pipe diameters (2 milliseconds) into 


hi 
the 


plenum chamber is not realistic. Also, the internal siructures 
do reflect a portion of the compression wave emanating from the 
pipe exit 


; 


lose to the pipe exit is somewhat higher than that shown in Fig. 6, 


Thus, it can be expected that the pressure distribution 


while further downstream of the pipe exit the pressure distribu- 
tion is conservative. To compute the pressure loading across a 
particular structure it is necessary to multiply the pressures pre- 
For flat 
plate structures that are parallel to the incident wave front, the 
multiplication factor is 2. 


sented in Fig. 6 by a factor ranging between 1 and 2. 


For structures that are not parallel to 
the incident wave front and that have other than flat plate shapes, 


the multiplication factor is greater than 1 but less than 2. After 
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use of the multiplication factor, the resultant pressure loading 
represents the upper bound of the expected pressure loading be- 
cause of the omission of viscous dissipation which in the actual 
case will cause loss of pressure head. 
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APPENDIX A 


Pressure and Velocity Increase Across a Water Wave of 
Small Amplitude 


The pressure and velocity variation across a small amplitude 


} 


water wave in one dimension can be derived from the conserva- 


tion of momentum 
ou ou 
i 
ol or 


vith distance 


Hence, 


Since the velocity and rate of change 
are small quantities, the product of Vol 
Equation 1) reduces to 

ou 1 oP 


ol p or 


The solution to I quation 
the dummy variable @ 


the minus sign is associated with wave moving in the 


Hence, 


where 


positive r-direction Equation 3) reduces I qu ation (2) 


to 


dU 1 dP 
dO p dO 


integrating I quation 1) produces the 


( P, — P, 
U. = =) 


the ratio of pressure difference to velocity dif- 


require d result presented 


as 
+ pc 


In Equation (5) 
ference is positive when the wave front is moving in the positive 
U-direction 
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APPENDIX B 


Decay of Water-Hammer Pressure Oscillations in a Pipe 
With Friction 


The pressure pulse of a water-hammer wave can be described 
by the one-dimensional equations of conservation of mass, con- 
servation of momentum, and the isentropic definition of the speed 
of sound in water (neglecting the effect of the pipe 


p pl 


ol 


yl 


J 


Solution of Equations (¢ 7), and (8 friction 
force to be proportion il to the first power of the fluid velocity 
Hence, the friction factor F of Equation (7 


ventional friction factor f by 


necessitates the 


is related to the con- 


FUL 


The assumption of small amplitude water-hammer waves per- 
mits the terms Udp or and Vol or to be neglected Hence, 


quations 6), (7), and 


Using Equation 


mined as per 


lo obtain a relationship for the 
differentiate Eq 
differentiate Equation (14 


spacial and time distribution of 


pressure; iation (13) with respect to time, and 


with respect to space 


ou 
ozrol 


1 oP 
pe? dt? 


(15) 


o7U 1 oP yr ear ; 
—- + (16) 
otdz p oz’ p pc* dt 
Equations (15) and (16) combine to form the required pressure 
relationship to time and space in 
oP 1 


oP 
Oz? c* Of? 


F oP e: 
pt 7 (17 


The time distribution of pressure can be obtained by using the 
method of separation of variables in (17). Let 


, X(2)TUt (18) 


(20 


The left-hand side of (20) is independent of variations of the 
right-hand side of (20 and Hence, (20 
written as 


vice versa can be 


xX’ 


\? . T whe re A 


constant 21 


tore represented DY 


The characteristic Equation (22) indicates the pressure time his- 
tory of the water-hammer wave is described by exponentials of 


the form e” where 


Equation (24) is t 

Equation (18). The 
} 

t , 


, and it is this factor that is used for 


time-dependent portion of the solution of 


time decay of the pressure wave is given by 


the term ¢ 2p the sample 
calculations in this re port 
The complete solution of Equation (17) is given by 


Rich [4 


2n — l)rz | §2F8 F? / 
sin cos Bt + — sin fl 26? sin Pt 
2L { p 2Ww? { 
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where 


Note: 
The equivalent speed of sound for wave travel, in the combined 
media of water and pipeline, is given by Gibson [5] and others in 


V pQ [ | DD. ] 
p= + i ~ 6 
a | K | 4bB 


Gibson developed this equation on the assumption that the pipe- 
line experiences both longitudinal and circumferential stresses 
If the longitudinal stress is neglected, then 


(| 


In this paper 


Ba 
=) \ p 


Eb 


AD 
- 0.1 
Eb 
hence the definition of the speed of sound used in this appendix, 
neglecting the contribution of the pipe, is justified 


APPENDIX C 


Transmitted and Reflected One-Dimensional Waves in 
a Duct of Varying Cross Section 


When a emall amplitude 
through a parallel wall duet 


cross-sectional area, then a portion of the wave is transmitted as a 


and the other portion is reflected as a rarefac- 
This condition is shown in Fig. 7 


compression wave, propagating 


encounters an abrupt increase in 


compression wave 
tion wave 
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Fig. 7 Propagetion of one-dimensional wave through a duct junction 
containing a change of cross-sectional area 
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The magnitude and direction of the acoustic 
mined by the following seven equations: 
Conservation of Energy: 


waves are deter- 


Conservation of Mass 
il’; 
AU, 
Acoustic Impedance (See Equation 6 
P, — P, 
U. — U; 


a. oo BP 


Combining these seven equations according to 


dentity (36 
will determine the value of (P, — P; 


It is successive evaluation 
of (P, — Ps) at various stations in the reactor plenum chamber 


that permits thrust loads to be « aleulated for reactor « omponents 
at each station between P, and P 


Ps — Py = (Ps — P Py — Py 


36 


(38) 


U 2 
= ) 4 2e ( 7 U, 0 
—&-1 7-1 
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so, by substituting (40 


Consequently 


” 


Taking the plus sign of the secone 


Again, by substituting (40) into 


from (31 


For successive increases in 
and (47 


nonsteady wave motion by the one-dimensional analysis. 
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irea, the sequence of 15), 46), 


will permit a good approximation of two-dimensional, 


DISCUSSION 
Henry M. Paynter® 


The writer is extremely interested in the class of water-hammer 
problems treated by the authors and has outlined some alterna- 
In particular, this system 
’ that 


tive approaches in a recent paper.‘ 
can be estimated so rapidly, by applying ‘“‘Green’s Law, 
some mention would seem inescapable. 

In terms of (P?, Q 


the specific acoustic impedance for the variable section pipe would 


variables where Q = A} volume flow, 


be written: 


Applying a Green's Law correction to this situation would 


suggest, 


P(s)/P =V Z(8)/Z = Va/A 


tand 5 of 
the paper, the writer wishes to contribute Fig. 8 and Table 1 of 


Since the function A(s)/a has been plotted in Figs 


this discussion to suggest that the excellent fit to the authors 
curve is worth consideration and comment. Certainly this result 


is obtained in a minute fraction of the time required for the 


authors’ method of Appendix ¢ 


Table 1 
(sreen s law 
Area ratio Pressure ratio 
| P Va { 
0 71 
0 53 
ft] 
0 
i) 
0 
* Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge Mem. ASMI 
‘H.M Paynter and F. D. Ezekiel, ‘Water Hammer in Nonuniform 
Pipes as an Example of Wave Propagation in Gradually Varying 
Media ASME, vol. 80, 1958, pp. 1585-1595 
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Fig. 8 Green's law pressure estimate 
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R. M. Rosser® 


Considering the simplifying assumptions as stated by the 
authors, we are in accord with the report. However, we would 
like to point out the error introduced into the calculation of pres- 
sure pulse decay time (7)) by the authors’ applying open-ended 
pipe boundary conditions, as stated in the report under ‘“‘Explana- 
tion of Model Used in the Analysis.”’ 

When the results of the Armour Research Foundation’s study 
were first submitted to The Babcock & Wilcox Company, we were 
of the opinion that pressure pulse decay time would be deter- 
mined only by pipe friction and reactor plenum entrance and 
exit losses. Our calculations indicated that the pressure pulse 
would decay to 36.7 per cent of its initial value in approximately 
30 seconds. Messrs. Lieberman and Brown calculate 7, = 171.5 
sec, considering pipe friction only, and Tp = 
minute, when entrance and exit losses are added. 


less than one 


Since actual water-hammer test results indicate pressure pulse 
decay times of a few tenths of a second, it is apparent that con- 
siderably more decaying force is present than the simplifying 
assumptions allow. An open-ended pipe is equivalent to an in 
finitely large reactor plenum with no internals. In this case the 
plenum pressure would never be affected by pressure pulses within 
the pipe. 

With the introduction of the actual finite plenum, a portion of 
the pipe pressure pulse is transmitted into the reactor as shown 
by Messrs. Lieberman and Brown’s Fig. 6, which indicates a 
plenum pressure of 25 per cent of the pipe pressure, two pipe 
diameters from the opening. This plenum pressure increase re- 
tards the flow of water out of the pipe as the overpressurized 
pipe starts to relieve. Therefore the water does not attain the 
original extinguished velocity in the opposite direction and the 
reflected negative wave is 75 per cent of the initial positive wave. 

On each round trip of the pressure wave there is an additional 
decay as the reactor absorbs a portion of the pipeline energy. 
The exact pressure history within the plenum would be difficult 
to determine b se of internal wave reflections, energy absorp- 
tion by the stru ire, and pressure relieving upward through the 
core section. 

To illustrate the damping action of a finite plenum, assume 
that the pressure pulse is attenuated an equal fraction on each 
round trip. 


initial pressure pulse 

fraction of initial pulse which is reflected back into the 
pipe 

number of round trips required for pressure pulse to 
reach 36.7 per cent of initial value 

length of pipe between check valve and reactor, ft 

velocity of sound, fps 

decay time to reach 36.7 per cent of initial value, sec 


Then 


P(n) = 0.367 P, 
n” = 0.367 


_ aL 


c 


n 


when 
n = 0.75, L = 60, andc = 5000 
0.75" = 0.367 
n = 3.48, say, 4 roundtrips 


‘The Babcock & 
Lynchburg, Va. 


Wilcox Company, Atomic Energy Division, 
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4 X 60 
Tp = (4) = 0.19 sec 
5000 


Decay times of this order of magnitude occurred consistently 
during the testing of the Shippingport plant by Brewer Engineer- 
ing Laboratory. These results are presented by report No. 
AECU-3854, TIS, Oak Ridge, Tenn., February, 1958, under the 
title “Water Hammer Tests PWR Land Reactor.” 


W. T. Rouleau® 


It appears that this paper is concerned with the conditions of 
both laminar and turbulent flows in the pipe; Fig. 2 is for a con- 
stant frictional resistance F, implying laminar flow, and the hy- 
pothetical example is worked out for a constant friction factor f, 
which implies turbulent flow. However, the exponential time 
decay factor exp (—Ft/2p), derived in Appendix B, is valid only 
for laminar flow, in which F is constant. The constancy of F is 
a necessary condition for Equation (16) to be true, and this equa- 
tion is basic to the derivation. 

Although Equation (9) relates F to the friction factor f this 
relation does not introduce any generality. If the flow is turbu- 
lent then F is not constant but a function of the flow velocity U, 
and the time-decay factor is not readily apparent from the result- 
ing nonlinear version of Equation (17). Thus some justification 
is necessary before the exponential time decay can be applied to 
the hypothetical example, or to any other turbulent flow situa- 
tion. 


E. B. Strowger’ 


This paper presents the solution of a timely but complicated 
problem and shows how to establish limits for the water-hammer 
pressures in a reactor supplied with water by coolant pumps. It 
may be of interest to point out some of the assumptions made by 


‘ the authors to simplify the mathematics involved and to show 


that the basic water-hammer relations all stem from the original 


five Allievi equations.’ These equations, in terms of the nomen- 


clature used, may be stated as follows: 
Allievi Equation I 
oP W (2v pv) 
or g \Ot ot 
Allievi Equation II 


oU 
Or 


Allievi Equation III 


Allievi Kquation V 


6 Assistant Professor of Mechanical Engineering,Carnegie Institute 
of Technology, Schenley Park, Pittsburgh, Pa. Assoc. Mem. ASME. 

7 System Project Engineer, Hydro Stations, Niagara Mohawk Paper 
Corporation, Buffalo, N.Y. Mem. ASME. 

§ Derivation of the Allievi Equations, Discussion No. 5, of ASME 
Symposium on Water Hammer, 1933. 
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c 


Where F(t z/c) 


direct water-hammer wave and f(t + z/c) represents the variable 


represents the variable pressure height of the 


pressure height of the indirect water-hammer wave 
Equation (1 may be derived from Allievi’s I quation I, if we 


remember that mass density p is equal to W/g and that in this 


particular application OU is negative when oP is positive 


1 














= ” 
Mass Dens: ty? 3 


A=cross sectional ares 


Fig. 9 
For arriving at equation (48) reference is made to Fig. 9, 
which shows the condition upstream from a valve after an incre- 
ment of closure has taken place 
column of length Or is 0p-dr-A 
mass entering the length Oz, i.e., 


The increase in mass in the 
This equals the incremental 
Ot-O0(U pA) or —dt-A-d(Up) 
From this 


op “Up 
+ (48) 
ol Or 


Equation (49), expressing conservation of mass may also be ob- 


tained from Allievi’s Equation I, as follows 


oP (2 , a) ol yy OU 
= p . = p 
Or ot Or p ol or 


ol 1 oP 
ot x p ox 


Taking friction into account and assuming it varies linearly 


with velocity in order to get a solution 
ou _ ov 1 oP FU 


= (49) 
ol Or p Ox p 


Equation (50) may be derived from Allievi’s Equation III, by 


considering an isentropic condition, i.e., the pipe wall is thick and 

does not stretch appreciably and no work is thus done on it. 
u : D ; 
Under this condition bE becomes negligible and the equation be- 


comes 


p 


But K = volume modulus of water = y / V where V represents 
/ 


OV 
volume. The change in density dp is equal to y * P80 that 


oP /dp 
p 


K = 
and 
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We may then write 


(50) 
ol ot 
The assumption that the stretch of the walls is negligible is 
probably justified on the basis that both the pipes and the reactor 
vessel are very heavy in construction considering their diameters 
and that the error involved causes the pressure rise to err on the 
high side 
An approximate solution’ of the problem is suggested by the 
following equation: 


7 
0 f, di . QT 
(+B) aa (+2) 
Jo\K' BB) o \K * wB/* 


where Q is discharge in cfs 


P (in psi) = 


For the pipe under consideration 
40 


* Paynter and Ezekiel 
an Example of Wave 
and Discussion by E. B 
1585-1595 


Water Hammer in Nonuniform Pipes as 
Propagation in Gradually Varying Media,” 
ASMF, vol. 80, 1958, pp. 
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is negligible so that 
OTK QTK 
L ze V 
f Adl 
0 


is the total volume. 


P = 


where V By examining the derivation of 
this equation in the reference cited, it is seen that 7’ is the elapsed 
time of travel of the direct wave from the check valve and V is the 
total volume of the water passage beginning at the check valve. 
Assuming the dimensions and simplified layout of Fig. 10 to be 
approximately equivalent to the authors’ problem the pressure 


rise may be calculated as shown by Table 2. 
Table 2 


nn ee 

V = 1,470,000 j 
Station cu ft F C psi 

end of 20-in. pipe 131 60 
1.67 {tin reactor 195 61 
3.33 ft in reactor 291 63.3 
5.00 ft in reactor 393 65.0 


c 
ISOC Note 1) LOO 
0.0132 100 53 
0.0135 69 36 
0.0139 52 7 


= 5cfs, K 
el 16075 X 3 


32.2 


294,000 psi, and QK = 1,470,000 


135 ft or 189 psi. 


Fig. 11 shows the calculated pressure rise as compared with 


the authors’ result shown in Fig. 6. The agreement is good 
partieyjlarly considering the necessity to multiply the pressures 
presented by a factor ranging from 1 to 2, because of wave re- 


flections 


Authors’ Closure 
The 


Rouleau, 


like to 


Strow ger for 


Messrs 


comments 


thank 


their 


authors would Pay nter, Rosser, 


and concerning our 
pape r 

Professor Paynter’s plot of “Green’s Law’’ closely matches the 
authors’ graphical plot of the estimated water-hammer wave 
pulse transmitted through a pipe of changing cross-sectional area 
The close match can be explained by demonstrating that Pro- 
P/P. V Ao/A, 


the authors’ Equations (47 


fessor Paynter’s solution can be obtained from 


and (33 
P,-P P,-P 


Note that(P?4— P 
that (P P.) is the incident pressure Jump at the area a, and 
that { — The limit of 


difference equation, where the area-change and pressure-change 


is the transmitted pressure Jump at the area A, 


a) is the change in area this finite 


go to zero, results in the differential equation: 


dP dA 
r 2A 


Integration, where. the pipe exit pressure and ares 


results in the following solution 


P lA 
Pp Va 


This result is the same as that obtained by Professor Paynter. 
The authors are indebted to Professor Paynter for suggesting that 
their final equation could be integrated in this simple form. 

Mr. Strowger’s plot, of the estimated water-hammer wave 
pulse transmitted through a pipe of changing cross-sectional area, 
does not closely match the results of Professor Paynter or of the 
vuthors. This difference can be shown by examination of Mr 


Strowger’s expression for the transmitted pressure pulse P 


910 


DECEMBER 1960 


QTK 
> 


P 


The various terms may be replaced by the following expressions: 


K ( 
T I 
Q=. 


Ay 
pt 


p 
c 

JU 
Us 


Hence, 
P 
P 


Strowger’s equation could be better discussed by applying it to 


the simple problem sketched here: 




















P 


'Z ( 1oL 
L 


In the spe cial case of L/L 
P 
Strowger 
P 
P, 
P 
In the spe cial cases of L 


1 
All 
1 


Strowge! 


ii Only 
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200 psi/cm 


1 ms/cm 
Fig. 12(c) 


10 psi/cm 
250 psi/cm 


10 ms/cm 
Fig. 12(b) 


Strowger 


thus it may be conclud 


vhich Mr 


Payvnter’s 


probiem in 
Strowger’s approximation m closely itch Professor 
und the a general, Mr 
prediction woul yield | { 


iower pre ire values for a 
However, in all cases the 


ithors pproximatior 
Strowger’s 
liverging duct. results would have to 
pending on whether the 


reflecting structure were oriented side-on or face-on to the inci- 


lent Wave 

We would like to thank Mr. Rosser for pointing out a technique 
for obtaining a reasonable estimate of the decay time when the 
wall frictional effects and entrance-and-exit losses were not 
Rather, it 


portant to attribute a finite value to the impedance for the pipe 


pipe 


the dominant decaying mechanisms was more im- 


boundary condition at the reservoir entrance, and this im- 


pedance could be established Irom the computed pressure-dis 


tance history in the plenum The effects of a finite impedance 
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125 psi/cm 


2 ms/cm 
Fig. 13(a) 


125 psi/cm 


20 ms/cm 
Fig. 13(b) 


at a free surface, of water column undergoing water hammer, were 


noted in the recent tests at the Armour Research Foundation 
Fig. 12(a) shows the wave form of the individual pressure pulse 
at the end where Al 0 1216 


tions on 


while Fig shows the same oscilla 


a longer time scale where it can be seen that the oscil- 
lations became small in less than 0.20 second for the class of water 
hammer where pUC did not exceed the plenum chamber pres- 

13 a and b 


water hammers pl/C did exceed the 


surization level. Figs are similar to Figs. 12(a and b 


except that, in this class of 


plenum chamber pressurization level, but the oscillations again 


damped in less than 0.20 second Thus the weight ol experi- 


mental ¢ vidence shows the importance ol the error introd iced by 
boundary conditions to those 


applying open-ended pipe evel 


systems which have large reservoirs 


Professor Rouleau h is Objet ted to the extension of laminar flow 


frictional coefficients to the turbulent flow regime. ‘To include it 
otherwise results in a nonlinear equation which is not so readily 
solvable Since the purpose of this analysis was to determine the 
magnitude of the decay time for the pressure oscillations and not 
deea\ 


pipe irictional 


iuthors showed, the finite impedance effects 


the exact form of th one cannot seriously object to an 


overestimate of the effects 


Especially, as Mr 
tosser and the 


were 150.times more dominant than the entrance and exit loss 
effects, latter effects 


nant than the friction effects 


where the domi 


pipe 
In summary, the authors’ treatment of water-hammer waves by 


were in turn 6 times more 


steady-flow algebraic equations between wave fronts and by the 
» jump condition equations across wave fronts has been found to 
meet the predictions of Green's Law for this particular type ol 
flow. 


unsteady It is suggested that this approach be understood 


and utilized for other more complicated problems 
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Pressure Surges in Pipelines Carrying 


W. T. ROULEAU 


Assistant Professor, 

Mechanical Engineering Department, 
Carnegie Institute of Technology, 
Pittsburgh, Pa. Assoc. Mem. ASME 


Viscous Liquids 


An analytical solution which includes frictional effects is developed for the pressure 
occurring in a pipeline when Poiseuille flow ts stopped by the sudden closure of a valve. 


Limitations and deficiencies of past solutions of the same problem have been overcome 


in the present analysis 


It is shown that for most pipelines of practical interest the 


pressure is given by the sum of four traveling waves multiplied by a time-decaying 
exponential; evaluation is easily accomplished with a few simple slide-rule calcula 


tions 
measurements 


Introduction 


& cLass of important surge problems is that in 
which the flow is initially steady and laminar (Poiseuille flow) 
and a valve downstream from a constant pressure source is sud- 
denly closed. These problems arise, for instance, in gravity oil 
lines. In the past, the calculation of pressures 1n such lines has 
usually been accomplished graphically with the friction assumed 
to be lumped at a finite number of points, as explained in Reference 

1]. 


Several analytical solutions for this class of problems have been 


published, but they are not wholly satisfactory The earliest is 


by Wood [2]; however it gives only ‘‘surge pressure’ not actual 


pressure. Another is by Ludwig [3]; but it is good only for the 
The 


analysis applies only during the interval from valve closure to 


first pressure surge because a semi-infinite pipe is assumed 


when the pressure wave front reaches the constant pressure 


source 3innie [4]; he con- 


An improved analysis was made by 
siders a finite-length line and is thus able to account for wave re- 
which is based on Heaviside’s 


flections However, his analysis, 


operational methods, leads to a general solution in terms of a 


“omplicated inversion integral involving Bessel functions, which 
1 Numbers in brackets designate References at end of paper. 
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Hy- 
Tut 


Hammer Subcommittee of the 
draulic Division and presented at Turbine Power & 
lraulic Houston, Texas, March 6-9, 1960, of 
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the Gas 
( Conference 
TE: Statements and opinions advanced in papers are to be 
rstood as individual expressions of their authors and not those 
ASME Headquarters, Octo- 


unde 
of the Society. 
r 13, 1959. 


Manuscript received at 
Paper No. 60—Hyd-5. 


The computed pressures are shown to compare closely with experimental 


is presently not tabulated. To obtain useful results he was 
forced to make some rather drastic approximations, and conse- 
quently his final solution is valid only for short times after valve 
closure. 

In this paper the problem is solved by means of the separation 
The those employed by Wood, 


Ludwig, Binnie, and in the graphical method; i.e., the liquid and 


of variables issumptions are 


pipe are each homogeneous and elastic, the velocity 18 uniform 


over any cross section, ind the frictional resistance is constant, 


equal to that in Poiseuille flow. A general solution, valid for all 
ometric series, 


But 
problems: 


time, is found in the form of an infinite trigor 


which can easily be summed by a modern digital computer 
pr tical 


remarkable simplification exists for most 
The general solution reduces to the sum of four traveling waves 
multiplied by a time-decaying exponential. Thus, not only can 
the phenomenon be easily visualized, but the pressure distribu- 
readily computed for time after 


tion in the pipe can be 


closure with only a few simple slide-rule cal 


Analysis 
The physical situation to be analyzed is depicted in Fig l. 


The pipe, of length L, is assumed to be homogeneous and elastic, 
with a constant circular cross section in the unstressed state and 
1 uniform wall thickness. One end is attached to a source of 
slightly compressible fluid maintained at a constant pressure Po; 
The velocity of the fluid is 
For { 0 the fluid 


is flowing with a velocity U, the Reynolds number being such that 


the other end terminates in a valve 


assumed uniform over any cross section 
the pressure gradient is proportional to the velocity (Poiseuille 


flow Att’ = 0 the valve is suddenly closed. It is desired to de- 





Nomenclature 


cross-sectional area of pipe, ft? 
thickness of pipe wall, ft 

VK, p, Equation (16), ft/sec 
integration constants 


pipe inside diameter, ft 
base of natural logarithms 
modulus of elasticity of pipe material, lb/ft? 
traveling wave, Equation (35 
acceleration of gravity, ft/sec? 
traveling wave, Equation (36) 
traveling wave, Equation (37) 
elevation of pipe inlet above z-datum, ft 
V/-1 
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traveling wave, Equation (38 


LR/V Ky.p, Equation (17 


k 
K = bulk compression modulus of liquid, lb/ft? 
K 


over-all bulk compression modulus of liquid and 
pipe, Equation (5), lb/ft? 
L = length of pipe, ft 
, M = positive integers 
index, assumes the value of all positive integers 
absolute fluid pressure, lb/ft? 
absolute initial fluid pressure at x’, lb/ft? 
absolute pressure at inlet end of pipe, constant, 
lb/ft? 
= p + pgz, Equation (3), lb/ft? 


(Continued on nezt page) 
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Fig. 1 Physical model and co-ordinate system 

termine the pressure in the pipe as a function of time and position. 
and Binder [7], the 
governing equations, based on momentum and continuity con- 


Following Joukowsky [5], Parmakian [6 


siderations, are 


oP 


where z’ is measured upstream from the valve, t’ is time measured 
from valve closure, u is the velocity in the z’ direction, R the 
frictional resistance coefficient, K, the over-all modulus of elas- 
ticity for the fluid and the pipe, p the density of the fluid, and 


P = p + pez, (3) 


where p is the absolute fluid pressure, g the acceleration of gravity, 
and z the elevation above an arbitrary datum. The derivation is 
given in the Appendix 


In terms of fundamental parameters: 


32y 
Dp?’ 


l ; | D 
K, K bE’ 


where y is the coefficient of viscosity, D is pipe diameter, K is the 


bulk compression modulus of the fluid, b is pipe-wall thickness, and 
E is the modulus of elasticity of the pipe material. 

If we let 7’ be the displacement of a fluid cross section from its 
position at t’ = 0 we obtain 


(6) 


With this equivalent for u Equation (2) becomes 


0*n’ 1 oP 
ot’ 


oz’ dt’ K, 


is integrated to give 


on’ 
- x,[ 2" 
Or 


Equation (7 


P(z', t’') — P(z',0 


We have 


where 


P, = P(L,0) = po + pgH, (11) 
H being the elevation of the pipe inlet above the z-datum. 
Equations (9) and (10) are substituted into Equation (8) which is 
then differentiated with respect to z’. This result and Equation 
(6) differentiated with respect to time are used with Equation (1) 
to obtain the following equation, which has only 7’ as the de- 
pendent variable: 
d?n’ 
—p : . : (12) 
ot’? 


0*n’ 


RI K, > 
ox"? 


A further simplification is made with a new variable 4, defined by 
Se 


_ z’? + - Lr’ + 9’. (13) 
2K, K, ' 
When 7 is introduced into Equation (12) there results 
o'7 07 
: p + ; (14) 
ox"? ot’? 


It is now convenient to change to the dimensionless variables 





——— Nomenclature 


Py = po + pgH, Equation (11), lb/ft* 
frictional resistance coefficient, Equation (4), 
lb sec /ft? 
time, measured from valve closure, sec 
ct’/L, dimensionless time, Equations (15) 
function of time 
fluid velocity in z’ direction, ft/sec 
initial mean velocity in pipe, ft/sec 
distance along pipe, measured from valve, ft 
z’/L, dimensionless distance, Equations (15) 
= function of z 
elevation above arbitrary datum, ft 
k/2, Equation (60) 
1/s Vk? — 4y?, Equation (61) 
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I/s Vk? — [(2n — 1)r]?, Equation (25) 

separation constant 

(2n — 1)r/2, Equation (24) 

displacement of a fluid cross-section from its 

position att’ = 0, ft 

= aft + — Lz’ + n’, Equati 13 
OK, 2"? + K, uz 7’, Equation (13) 

7/L, dimensionless 
(15) 

coefficient of viscosity, slugs/ft sec 

u/p, kinematic viscosity, ft?/sec 

argument of traveling waves, Equation (41) 

fluid density, slugs/ft* 

sin~' dz/dz’ 


displacement, Equations 
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((2n — 1)r}? 


and 7 V —1. The details are shown in the Appendix. 

What we are primarily interested in is the pressure; this is 
found in terms of 07/dz by using Equations (8), (9), (10), and 
(15 It is 


where P 2 P 


P [kK or, in dimensionless form, with Equation (16 
Y> P-P ¢ on 
and define the dimensionless parameter UVKp U 2d 
LR 
V Kip 


Thus, from Equation (23), we obtain the pressure equation 


Thus we obtain the dimensionless governing equation 


P-P PRs ') (= 2") 
o’n , P o*n UV Kip 2 r Yn 8 


Or ot ol? 


k l } 
Es ; + cosh 8,t | cos y,zx +, only if ( t ) is an integer, 
lhe boundary conditions are: Y, Zz \F 


niv, ¢ 


( oe ee 4 Pa | ) (a4) 


quation (28) can be readily summed digital computer. 
However, for most practical problems involving long lines it will 


. : be found that 
iquation (19) expresses the fact that the displacement of the ye found tha 


fluid at the valve position is zero after the valve is closed 
Mquation (20) expresses constancy of pressure at the fluid 
source. Equation (21) results from the initial Poiseuille pressure | With the consequence that 
distribution. Equation (22) states that the fluid is initially flow- 
ing with a uniform velocity U in the negative x’ direction ip 
The solution of Equation (18) satisfying the boundary condi- 
tions [Equations (19), (20), (21), (22)] may be found by the method 
of separation of variables. It is 


“|” Ae +1) ; sinh 8, 
| 2, il | P ) 


| cosh 8 | sinh 2 k ) ke : (<i 
Ya" / 15 


Thus the displacement key lator i 
28) reduce to the greatly simplified forn 


With the aid of trigonometric identities 


may rewrite Equation (32) in the form 


P-P 


in which 
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k= 2 


in which each of the four summations is a Fourier series repre- 
sentation of a traveling wave 


, and ¢ 


is now the wave velocity 
By summing each of the series we obtain a remarkably simple 
equation for the pressure 


in terms of traveling waves The 
kt 

— P, 1, : 

/ pec 


or (2 f 


functions f, g, h, j have a period of 4; thus if the arguments 


should lie outside of the defined range 
where 


replace the arguments wherever they occur 


4n 
t) + 4m 
tive integers so chosen that 
dom, < 


For ex 


imp if 


and the 


pressure 


Traveling waves 
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P — Po 
—— = e7*it/, — 1/2 + k['/e + a]} = 

Upc 

The four traveling waves, defined by Equations (35), (36), (37), 
(38), are shown graphically in Fig. 2; the argument is &, where 


& 


€ = (z — 2) for the f and h waves, 


(41) 


} 
i 


& = (x + t) for the g and j waves 


The wave velocity c in Equation (34) may be measured directly 
or computed from Equation (16), depending on circumstances. 
It should be noted that VK, p in Equation (28) is not the ve- 
locity of the pressure waves and thus cannot be measured directly 
but must be computed. 


Comparison With Earlier Work 

It is of interest to compare our results with those of Binnie. 
Our traveling wave solution is limited only by the magnitude of k, 
whereas Binnie’s approximation has no restriction on k but is 
limited to short times. He obtains the following relation for pres- 
sure at z = Oand0 < ¢ < 2 (his notation is here changed to cor- 
respond with ours): 


P — Pp 6 = 
. a _ é 7 
Upe 4 


1 l 
+ kt? + kt*} —k}, (42) 
64 1024 
which becomes, upon expanding the exponential term, 


P — P, kt 1 1 5 
-1-k+— ke? + — kus — 


4 16 


— k4t*, (43) 
Upe 3072 


Our solution for this time interval is 
P-P 
cao i 

Upe 


which can be expanded to give 


P i P, 


1—k+ 
Upe 


(45) 


kt 
- + O(k%). 
) 


Thus, we observe that the two solutions agree to the first order in 
friction effects 


Results 


For reasonable accuracy, Equation (34) should not be used for 
k > 1; for large k the more cumbersome Equation (28) is neces- 
sary. However, k’s large enough to require Equation (28) are 
seldom encountered in practice. For example, a combination of 
typical parameters gives k = 0.0892 (References [4 and 8)). 
The pressure distribution in the pipe at various times after valve 
closure is given by Equation (34) and shown in Fig. 3. 

Fig. 4 shows the pressure variation at the valve for k = 0.0892, 
also obtained from Equation (34). 


Comparison With Experiment 


Test #23 of Reference [8] was designed to fulfill the initial flow 
and boundary conditions considered in the present analysis. In 
this test crude oil flowed by the action of gravity through a 4-in. 
nominal diameter pipeline equipped with a quick-closing valve 
and pressure recorder. The pertinent specifications are: 


Pipe length, L: 2232 ft 
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Fig. 3. Pressure distribution for k = 0.0892 at: (a)t = 0, (b)t = 1/2, 
(c)t = 51/2 
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Kinematic viscosity, v: 
Density, p: 

Wave velocity, c: 
Initial velocity, U: 

k, Equation (17): 


5.26 & 10~* ft?/sec 
1.75 slugs/ft* 
4010 ft/sec 

1.03 ft/sec 

0.0892 


The actual pressure at the valve, traced from a reproduction of 
the recorder chart, is shown in Fig. 5. Superimposed in Fig. 5(a) 
is the pressure obtained from Equation (34), for c = 4010 ft/sec. 
It is evident that the period of the computed pressure is slightly 
too short. However, some doubt exists about the value of c, be- 
cause of the presence of vapor or gas in the line. In Reference [8], 
deviations from a graphical analysis are attributed to this effect. 

Qualitatively, the vapors and gases introduce a “cushioning” 
effect that tends to smooth out discontinuities and reduce the 
wave velocity. Such a smoothing out is quite evident in the 


actual pressure wave. For comparison the pressure has been 


1.0- EO 


cal 














ee 





calculated for a 10 per cent lower wave velocity, c = 3610 ft/sec, 
shown in Fig. 5(b). The period of the fluctuations is in much 
closer agreement, but the pressure for the first surge is about 6 
per cent low. However, considering the nonlinearities introduced 
by the vapors and gases in the line there is quite fair agreement 
between the observed and calculated pressures. 
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Fig. 5 Comparison of predicted and actual pressures: (a) ¢ = 4010 ft/sec; (b) ¢ = 3610 ft/sec 
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APPENDIX A 
Derivation of Equations 


Consider, as a free body, an element of fluid, length Ax’ and 
cross-sectional area A, taken from the pipe (Fig. 6). 
the Law of 


Applying 


Conservation of Momentum to this element we 


obtain 


op ' 
pA — (> + > as’) 1 — RuAAzr' — (gp sin @)AAr 
Or 


. 
pAAr 
ol 


B it sin @ becomes 


dz 
—; thus Equation (46 
dx’ 


re) Ou 
_ (p + z)=p— + 
or’ , Pe ot’ 


Pe= p + pgz 
and substitute in equation (47): 


oP ou 

—-=-/ — — Ru. 1) 

Ox ot 

Next consider an element of fluid of length Az’ in a pipe of uni- 
form area A (Fig. 7a If the pressure on the element is changed 
from p, to p, the density of the element changes from p to p + dp, 
the cross-sectional area of the pipe changes from A to A + 6A, 
on 
or 
»). By the Law of Conservation of Matter we have 


ind the length of the element from Az’ to Ar’ +4 - Ax’ (Fig. 


7} 
on’ 
or’ 


pAAr’ po + 6p\(A + 5A) ( a2" + 


Az’). (48) 
Neglecting higher order terms we obtain 
(49) 


Fora slightly compressible fluid, pressure and density changes 
are related by 


where K 
A change in pressure (p — p,) changes the pipes diameter D by 
6D, which is given by 


bulk compression modulus. 


(D + b\D) 
2bE 


6D (p — pr) 
Db? 
—(p-— 

2bE , 
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Fig.6 Fluid element, showing external forces having a component along 
the x’-axis 


(b) 


Fig. 7 Fluid element, showing displacement 


(Reference [6], p. 12 
Thus 


oA  D 
A” “a * 


Using Equations (50) and (52) with Equation (49 


( l D\ _ dn’ 
p Pi K bE 


] - on’ 
kK, P ~~ oz’ 


(54) 


Differentiating Equation (54) with respect to time we obtain 


1 Op 


K, ot’ 


0?n’ 
ot’ dr’ 


ra) on’ 
oz’ ot’ 
Ou 


= (55) 
or 
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APPENDIX B ,- a) (2 
Solution of Differential Equation 3 


n 


By inserting these values of C;, and C,, in Equation (65) and re- 


arranging, we obtain Equation (23 


0*n , On o*n 

ox? ar In Equation (23), if 1/2(k/w + 1) should be an integer, 6, is 

then zero for n 1/(k/m + 1) and this term in the sum is inde- 

Assume a solution of the form terminate. The term is easily evaluated by using L’Hospital’s 
” X(2 (56) rule, as has been carried out in Equation (23 


where X and 7 are functions of z and ¢, respectively. Inserting 


this solution into Equation (18) gives us two total differential DIS CU SSI ON 
Te Henry M. Paynter? 


Professor Rouleau’s sound treatment here of elastic wave 
propagation with viscous shear—a situation identical with the 
electrical engineer’s R-L-C transmission line—presents a singular 

where y? is real and novel contribution in pointing out the benefit of considering 
Solving Equations (57) and (58) for X and 7’ and combining behavior as the damping effects became small compared to the 
according to Equation (56) we obtain elastic surges. He has analytically arrived at a simplified solution 
ee me corresponding to the long-used technique—at least in electrical 
vo ae ae science—of superposing the (damped) surges on top of a time- 
‘ sin yr + ce p)t A varving gradeline due to the loss variation from mean flow in the 
pipe His f and g functions correspond to the nondissipative 
water-hammer terms and the h and j functions represent the 
space-mean-flow-resistance effects The decrement factor, of 

course, represents the dissipation of available stored energ) 

When this solution is viewed in these terms, the results have 
very broad significance and the expressions can be still further 
simplified, particularly for pressure conditions at the valve 

The author’s result may be obtained in a rather direct fashion 

61 from the original equations by considering the impedance opera- 

tor of the pipeline looking into the pipe from the downstream 

Consider Equation (5 und apply rv conditions, nd. Omitting the negative sign, this is found to be (for any 
Equations (19) to (22 transmission system whatsoever! 


With Equation Z Z. tanh yl 
4; = 4 . itt 1 4+ 


where Z. and yL are evaluated for this case as: 


Z. = pe 1 + (k/D 


Applying Equation (20) gives 


0 ye yL L/c)DV 1 + (k/D 


with notation similar to the author’s « xcept that D dat 
For values of k — 0, Z, and yL may be expanded in the 
proximate relations 
2D)| = Z t 2D 
k/2D TDL + (k/2D 


where the substitutions Z) = pe and T = L/c give the simplifica- 
tions at the right. Now the terminal impedance becomes 


Z;/Zo = + (k/2D)) tanh (TD{[1 + (k/2D 
where + with k’ = k7 


tanh (7D + 2 
8, ' 2 Z;/Zo = tanh (TD +k’ — 
2TD 


We obtain C;,, and C,, by using Equations (20) and (21), and the 


? Associate Professor of Mechanical Engineering, Massachusetts 


theory of Fourier series: Institute of Technology, Cambridge, Mass. Mem. ASMI 
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The term on the right-hand side corresponds very nearly to the 
operational form of Professor Rouleau’s Eq. (34) and suggests a 
number of practical computing procedures. 

For example, the dissipation term may be handled by lumping 
one half of the total resistance at the reservoir-end of the pipe. 
The gradient change may then be evaluated by time integrating 
the resultant wave-pressure-time curve Po(t) scaling the result by 
the factor k”, and adding this term to Po(t) to obtain: 


P(t) = Pot) +k” f*Po(t)dt 


This result would be valid not only for step flow change but also 
for any kind of closure condition and is very easy to instrument 
as part of an analog or digital computing procedure. The writer 
suspects that a very simple modification will also permit com- 
parable ease of computing gradient change for quadratic or other 
nonlinear distributed resistance. 

Professor Rouleau has not modified his solutions of Fig. 5 
to allow for the evident finite closure time of the valve. While 
part of the discrepancy between observed and computed results 
may be attributed to this cause, a careful calculation and analysis 
leads to the conclusion that it is dispersion and not dissipation 
which is producing the rapid damping of the higher frequencies. 

The writer has for some years been handling this problem by a 
simple modification of Allievi’s equation. In place of the usual 
relation 


U(t) + Ut 27) — 2Uo = Vit — 2T) — Vit) 


or, when U> 0: 
U(t) + Vit) = Vit — 2T) — U(t — 27) 
the writer substitutes the expression: 


U(t) + V(t) = De, [V(t — 27,) — U(t — 2T,)) 


with the following conditions and definitions: 


U(t) = measure of pressure 
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measure of flow 

L/a = wave travel time 
weighting coefficient > 0 
1: normalizing condition 


component delay 
Zz ¢,7, r 
k 


normalizing condition 


This technique can account for any time or frequency de- 
pendent (or anomalous) dispersion and may be matched ac- 
curately to any experimental data such as Fig. 5 of the paper. 


Author’s Closure 

The author wishes to thank Professor Paynter for his stimu- 
lating discussion and extension of the results presented in the 
paper. It is interesting to note that his operational solution is 
valid for k — 0, whereas the requirement for the traveling wave 
mT? ork « 
This is not as severe a condition and is usually true in 


solution is only that k? << 0.3 for a very good approxi- 
mation 
practical problems. But for the limiting case of k — 0 his 


methods have the enviable advantage of encompassing any 
arbitrary mode of valve closure 

The author agrees that the finite time of valve closure is not 
primarily responsible for the discrepancy between the observed 
and computed results. Professor Paynter’s explanation on the 
During the experi- 
ment it modulus K 


of the crude oil had a significant time dependence, which was 


basis of dispersion seems quite reasonabl 
was observed that the bulk compression 
attributed to vaporization of certain fractions of the crude oil 
and to gases going into and out of solution. Professor Paynter 
himself 
bulk compression modulus leads to dispersion, resulting in a 


has shown in a recent paper® that a time-dependent 


smoothing of the pressure fluctuations, as was observed. 
*F. D. Ezekiel and H. M. Paynter, ‘‘Firmoviscous and Anelastic 


Properties of Fluids and Their Effects on the Propagation of Compres- 
sion Waves,”” ASME Paper No. 59—Hyd-19, 1959 
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Two-Dimensional Flow With Standing Vortexes 
in Ducts and Diffusers 


The conditions for the equilibrium of two vortexes in a two-dimensional flow through 
a duct or diffuser are derived. Potential-flow considerations and a few basic results 
from viscous-flow theory are used for the discussion of the role of cusps as separation 


control and trapping devices for standing vortexes. 


The investigations are applied to 


cusp diffusers especially with regard to the wind tunnel of the James Forrestal Research 
Center of Princeton University. 


| problem of creating standing vortexes in a flow 
and of their application to separation control are dealt with. It 
is well known that separation of a flow usually is connected with 
the formation of vortexes which are carried downstream by the 
flow, leading to a transient-flow process within the otherwise 
steady flow. It is also known that behind a separation point a 
standing vortex can form with the effect that the vortex transport 
in the downstream direction is at least reduced. For instance, in 
the case of a rectangular cutout of a wall a flow along the wall 
passes the cutout in general with little disturbance, producing 
within the cutout a standing vortex which acts like a roller bearing 
for the flow along the wall [1].! Also in the case of 
a rectangular step in a wall, standing vortexes can form on 
the downstream side of the step causing the separating flow to 
reattach to the wall on the downstream side, a case which has been 
discussed recently by I. Tani [2]. However, in both cases the 
flow velocity along the wall will decrease in the flow direction be- 
fore reaching the cutout or step. This will result in an increase 
in thickness of the boundary layer and an increased transport of 
it into the free stream at the point of separation 
In nature a standing vortex is created on the downstream side 
of snow cornices at high mountain edges. Here the snow cornice 
forms itself on the downstream side 6f a mountain edge when the 
show-carrying wind passes over it, representing a natural separa- 
tion-control device. The cornice has a sharp edge almost like a 
Behind 


the cusp a rounded cavity forms in which the standing vortex is 


cusp so that the flow velocity increases up to this cusp. 


1 Numbers in brackets designate References at end of paper. 

Contributed by the Hydraulic Division and presented at the Gas 
Turbine Power and Hydraulic Conference, Houston, Tex., March 
6-9, 1960, of Tae American Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, January 
18, 1960. Paper No. 60—Hyd-16. 


Nomenclature 


situated. On the downstream wall a stagnation point of the re- 
attaching flow is indicated by an accumulation of snow, Fig. 1. 
The characteristic features of this natural separation-control de- 
vice have been discussed by the author of the present paper [3, 4]. 
It is the subject of a detailed study in a recent publication [5]. 

The author also proposed in 1951 to use such a natural-separa- 
tion control device instead of a badly separating 12-deg diffuser 
of the wind tunnel of the James Forrestal Research Center 
(Princeton University). C.D. Perkins and D. C. Hazen have re- 
ported the success of this short cusp diffuser [6,7]. Though the 
results of the author’s snow-cornice studies have been used for the 
construction of this approximately two-dimensional diffuser, it 
had not been exactly computed, mainly because the theory in the 
case of a duct with two cusps was not available at that time and 
seemed to present considerable mathematical difficulties. 

It is the purpose of the present paper to provide stich theory in 
a general form including curved two-dimensional ducts and to 
apply it to a shape which is approximately the same as that of the 
Princeton cusp diffuser. 


ee 


O 


Fig. 1 Scheme of flow over a snow cornice 





time 

rectangular co-ordinates in 
plane of two-dimen- 
sional duct or diffuser 


complex co-ordinate in the 
2, y-plane 


rectangular co-ordinates in 
plane into which flow 
area is transformed by 
conformal mapping 
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complex co-ordinate in the 
£, n-plane 

polar co-ordinates in the {- Q 
plane r 

complex potential func- 
tion 

velocity potential 

stream function 

velocity 
flow in the z-plane 

absolute value of velocity 


angle between z-axis and 
velocity vector of flow 

strength of a source 

strength of a vortex (cir- 
culation) 

Cy, Cr = 


dimensionless coefficients 


Subscripts denote special points or 
values. In particular {) and z denote the 
position of a vortex in the {-plane or z- 
plane, respectively. 


components of 
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Fig. 2 Single vortex in parallel flow 


Formulation of the Problem 


Consider a two-dimensional potential-flow vortex 
posed by a parallel flow, Fig. 2 


The 


superim- 
One of the streamlines contains 
a stagnation point S. same streamline encloses a finite 
Actually 
such vortex is known to move with the velocity wy of the parallel 


flow. 


area in which the center of the vortex is situated 


Further, two vortexes of equal strength are considered, turning 
in opposite directions, superposed symmetrically by a parallel 
flow; the resulting flow picture is that of Fig. 3, assuming that 
the vortexes are sufficiently close together. If one of these vortexes 
were removed the flow would change to the former case. In gen- 
eral these two vortexes will move too in the direction of the paralle | 
flow though not with its velocity. However, there is the possibil- 
ity that the center of one of the two vortexes is located in the stag- 
nation point of the flow which the other vortex forms with the 
parallel flow. Owing to the symmetry the center of the second 
vortex is also located in the stagnation point which the first vor- 
tex forms when superposed with the parallel flow. In this case 


the two vortexes will not move. They are said to be in equi- 


ibrium. rhe flow picture now shows two stagnation points S 


and S» situated on a streamline which encloses both vortexes 
Chey are also situated on a second streamline which is a straight 
ine. If this straight line is considered as a solid wall and it is as- 
sumed that the two vortexes are in equilibrium there is a flow in 
the upper half plane for which a standing vortex theoretically 
exists. However, in practice, this is not the case due to viscous 
properties of the flow; namely, the velocity along the wall ap- 
proaching the stagnation point S, from the left is permanently 
decreasing toward zero and, therefore, the flow will separate from 
the wall before reaching the stagnation point S;. In a free 
stream, however, without a wall the two vortexes will exist in 
equilibrium. 

Finally, consider a flow passing over a curved wall superposing 
a vortex near the wall, Fig. 4. It is assumed that the wall is an 
ideal boundary without friction for the flow. In order that this 
boundary be a streamline on the other side, a proper second flow 
parallel to the boundary containing a proper vortex has to be as- 
sumed, forming an image of the first flow at the curved boundary. 
rhe picture of the total flow will be similar to the former example 
except that the straight streamline is now distorted (by conformal 
mapping) into a curved streamline. Thus there are two stagna- 
tion points, S; and So, on the ideal boundary and a second stream- 
line containing the two stagnation points and enclosing the two 
vortexes. Again the two vortexes will move unless each one is 
situated in the stagnation point which the other vortex forms 
with the flow parallel to the wall. 


equilibrium. 


In this case the vortexes are in 
If the wall is a real one with continuous curvature, 
the velocity of the flow along the wall again will decrease toward 
zero when approaching the stagnation point S,, and will separate 
before reaching this point. Thus a real flow with a standing 
vortex will not exist in this case. 

If, however, the straight streamline in Fig. 3 is distorted by 
conformal mapping in such a way that at the point S; a cusp (a 
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Fig. 3 Two vortexes in parallel flow 


~*~ 


Fig. 4 Two vortexes in a curved flow, one 
being the image of the other with respect to 
the streamline S,S, which does not enclose 
them 


corner with the angle 27 within the flow area) is formed, the 


stagnation point S, will disappear and the streamline S,S; en- 
closing the vortex, will leave the cusp smoothly with the same 
tangent. In this case the velocity at S, has a finite value different 
from zero and for proper shapes the flow velocity will increase 
toward this value when the flow approaches S In this case the 
‘There is 


however, the open question as to whether or not the « quilibrium 


existence of a standing vortex in a real flow is possible 


of the vortex is a stable one. 

In the present paper a two-dimensional, in-general curved duct 
extending from infinity to infinity is dealt with. It is assumed 
that 


points and a sink at the other one and that ir 


a flow within this duct has a source at one of the infinite 


general two stand- 
ing vortexes exist within two cusp cavities. Under these assump- 
tions the conditions for finite-flow velocities at the 
Kutta-Joukowski 


vortexes will be derived. 


two cusps 
iilibrium of the 


results will also include the 


conditions) and for the e« 


The 


of one vortex as a special case. 


cust 
The case of a symmetrical duct 
will be considered in particular. These conditions will be derived 
for any kind of mapping function and, therefore 


duct 


lor any kind of 
However, it will first be shown how proper mapping fune- 


tions can be obtained in a simple and elementary way 


Analytical Construction of Two-Dimensional Ducts and 
Diffusers 


According to Riemann’s theorem, for any simply connected 
area A with more than one boundary point a one to one conformal 
Rec- 
tangular co-ordinates in this half plane are denoted by & and 
n> O and by z,y rectangular co-ordinates in the plane of the area 
A. The conformal map of the half plane into the area A is then 


given by a function 


map exists which transforms this area into a half plane. 


where 


= 2+ wy, 
f(©) is a regular analytical function in the half plane 7 
the condition f’({) # 0. 
The simplest duct is obtained by mapping the 
plane with 


> 0 with 


ipper ¢-half 


2 
s=Inf-s-- 


It consists of a duct bounded by two parallel straight lines with 
the distance 7; for instance, y = —7/2 and y 
The function 


W/2 
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at 3) 
ra+l . 
( 

0) yields a duct whose walls enclose the angle am at the 

0 and the angle 7 at the in- 

For instance, in the case 


a 7) 
infinite point corresponding to ¢ 
finite point corresponding to ¢ 

a 1,6 


0, the function (3) takes the form 


where the constant of integration has been determined so that the 


duct has the z-axis as axis of symme try Fig. 5. The flow area is 


the rounded outlet from a tank into a parallel duct 








Fig. 5 Inlet from a tank into a parallel channel with known elementary 
potential flow 


it the two in- 


A duct? wit 


finite pointe 1 


lifferent widths 


inction 


lo ¢ 0 the width r 


Fig. 6 shows the case a 


orresponds t 


Ducts of more haracter can be obtained by 


much 


transforming those easily computable ducts once or repeatedly 


of the form 


by a function 


Z 


Phis and e for the construction of ducts or 
diffusers with knowr without vortexes has been men- 
tioned here because some authors had difficulty with this problem 
and used rather unrealistic approximations which did not even result 
I contained in equation (3), 


commonly used for diffuser 


the preceding examp 


potential flow 


in simpler computations 


The shapes 
especially those for a = 1, } 


studies 











Fig. 6 Duct with known el 
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where the poles c; and c are situated outside the duct to be trans- 


formed and the coefficients y, and yz are in general complex 
numbers. 


A transformation of the form 
Z 
can be constructed without difficulty. It is the same well-known 
transformation which is applied for the construction of a Jou- 
kowski-profile in aerodynamics. The more general transformation 
6) is the arithmetical mean value of two of such transformations 


The 


In order 


difficulty 


resulting duct will be in general an unsymmetrical one 


therefore, can be constructed without too 


and, 


to transform a duct situated symmetrically to the z-axis into a 


symmetrical one by a function of the type (6) the constants + 
have to have the conjugate complex values of y; and c;, re- 


Phe 


and ¢ 


spective ly transformation therefore has the form 


Z 


in the symmetrical case 


c dZ 
6) has four points determined by 0, 


2 
2 


If the poles C} 


The transformation 


where the ingies W ithin the piane are doubled 


and cz have been chosen and if two of these four points, 2;, Z2 are 


boundary of the duct the constants 71 and ¥2 


prescribed on the 


ations 


are determines 


lhe transformed duct has then two cusps on its boundary. Fig. 7 


shows the construction of a cusp diffuser by applic ation ol a trans- 
formation (8 


to a parallel duct of width r. By repeated applica- 


use with the term 


is large In both cases the transformation (8) is then 
approximately a Kutta-Joukowski transformation 


»btained in this way 


I ig. 7 has been 








Fig. 7 Cusp diffuser 
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tion of transformations of the type (8) the shape of this cusp dif- 
fuser can be changed and approximated to a desired form. This 
method is related to an earlier m¢ {pping procedure developed by 
the author (see Bieberbach, Refergnce [8] ). 


Determinination of Equilibrium Conditions for Standing 
Vortexes ; 


The mapping function 


= ff) 


has been normalized so that £ = 0 corresponded to one of the in- 
finite points of the duct and £ = © to the other infinite point. 
A flow in the ¢-plane with a source or sink at [ = 0 and a sink or 
source, respectively, at € = © therefore corresponds to a poten- 
tial flow of an avec medium through the duct, flowing 
from the first infinite point to the second infinite point without 
further singularities. Because the duct-flow area corresponds 
to the upper ¢-half plane the strength of the source for the duct is 
half the strength of that for the total ¢-plane. Thus the flow is 
given by the complex potential function 
9 

20 In [ 


a8 (10) 


xX = 


and its velocity vector we~*? in the z-plane by 


dx 2g 1 


dz tI®© 
where wp is any constant velocity value and 


. Q. 
(0 * orus 13) 


a dimensionless coefficient. Here Q denotes the strength of the 
source or sink determining the flow in the duct. Q is positive in 
the case of a source at ¢ = O and negative in the case of a sink. 
Setting ¢ = re*”, the streamlines are given by 


2Coee = const. 


(13) 


We 

Now the case will be studied where, in addition to the flow 
given by (10), two vortexes are contained in the flow area. Their 
positions in the upper half plane, Fig. 8, are assumed to be ¢; and 

their circulations T; and T;. Symmetrical vortexes with the 
circulations —I’,; and —T, have to be assumed in the points ¢, 
and és, the conjugate complex values of [; and {3 Two circula- 
tion coefficients are introduced 


r, at 


Cr, = —, 
27 wo 


(14) 


GS = bein 


Fig. 8 Flow singularities within the {-plane 
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in analogy to the coefficient Co. 
tion—instead of (10) 


The complex potential func- 
is then given by 


Wo -_ 


x = 2Cg in [ + iCr, in ss + iCy, In —? (15) 


r 
because 
2r 


In (¢ — £) is the complex potential function of a vor- 


tex with the strength (circulation) I and the center {> in the ¢- 
plane. The strength of a source or vortex is not changed by con- 
formal mapping. The function x, therefore, also represents the 
flow in the duct of the z-plane with vortexes of the same strength 
if [ is considered as a function of z. 

In general the two vortexes z; = f({,) and z. = f({2) will move 
with the flow. The velocity of a vortex, say 2, is determined by 
the velocity of the flow at the point z, if the vortex at z; but not 
its images with respect to the boundaries of the 
moved. In general the function z = f({) will not be a single- 
valued function of ¢ but will map a Riemann 


flow area are re- 


surface carpeting 
the {-plane into a Riemann surface carpeting the z-plane. The 
duct area A contained in the Riemann surface of the z-plane will 
correspond to a certain single sheet of the 
peting the upper ¢-half plane. In order to determine the velocity 
of the vortex z, within A this vortex has to be 
position within the Riemann surface. 
Riemann surface carpeting the ¢- 
single sheeted 7-plane so that [ becomes a single 
of 7. Then also zis asingle-valued function of r. In other words 
¢ and z are represented by single-valued functions of a parameter 
T (a variable of uniformization, Reference [8 To the vortex 2; 
to be removed from the Riemann surface covering the z-plane 
corresponds 7; in the t-plane. After removal of the vortex 7; 
the flow is represented by the complex potential function x, where 


tiemann surface car- 


removed from its 
to do this the 
mapped into a 
valued function 


In order 


plane must be 


i. 2 
Wo 


— iCy, In (tr — 7%) (16) 
Correspondingly the motion of the vortex in z; is determined by 
the complex potential function x2 where 


ta iCy, In (t — T2) (17) 
We Wo 

The velocity components of the -lows represented by x: and x 

within the {-plane are obtained by differentiation of x, and x 

with respect to ¢. Denoting these velocity cor 

v and Ue, ve one obtains 


nponents by uw, 


= tv; 


in Co, ( 1 et) 
. —= + oy, .- Fs ‘. 
Wo § ‘Soe * $ o) — oh) 


where 
(20) 


is the variable of uniformization and ¢), { correspond to the 
positions of the vortexes. The velocity components for the 4- 
plane are obtained by multiplying the right sides of equations 


(18) and (19) by 1/f’(¢). 
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The necessary and sufficient conditions that the vortexes at 2, 
and z, are standing vortexes are u, = v, = Oforf = f, and w = 
ve = Oforf = {2 Then 


; 1 
lim |< - ~ 
f-7f, \S —™ $3 AAs) — 


and there is a corresponding formula for [ — {> (see Appendix 1). 
Therefore the necessary and sufficient conditions for the equi- 
librium of both vortexes are 


2C 1 1 
4 _ son, (= - 
o “a—- o 


= iCr, (. 
— 


In the case of a symmetrical duct with a symmetrical flow the 
mapping function z 
axis. 


= f(€) is symmetrical with respect to the 7- 
Also tr = ¢f t) is symmetrical to the y-axis and, therefore, 
(24) 


where the bar indicates the conjugate complex value. It can be 


shown (see Appendix 2) that in this case 


In the symmetrical case 


€ 


Separating [> = &) + ino the result obtained is that: 


In the case of a symmetrical duct with a symmetrical flow the 
condition for the equilibrium of the two vortexes is 


Conditions for Finite Velocities at Cusps 


The velocity of the flow in the duct has the components u, v to 
be obtained from the complex potential function x, formula (15 
by differentiation with respect tof. Thus 


w 10 1 dx 
u dz 


whereby 


1 dx 


w dt 


’ ’ l i ’ 
+ Cr, | > — = (30) 
> oe . ” 


The latter expression represents the velocity components (made 
dimensionless by division with wo) for the flow within the ¢-plane. 
If this expression is set equal to zero an algebraic equation of the 
fourth order is obtained in ¢ with four real solutions {s,(n = 1 
2, 3, 4) representing stagnation points of this flow on the real ¢- 


’ 


axis. To these stagnation points correspond stagnation points 
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in the z-plane on the boundaries of the duct unless there is f’({) 
= 0 as has been explained in Section 1. According to this discus- 
sion two of these stagnation points will be eliminated, say zs, and 
zs, by incorporating cusps at their place so that a streamline leaves 
each cusp with finite velocity (~0) and forms a stagnation point 
at the wall behind each cusp. 

The conditions for finite velocities (#0) at the cusps cor- 
responding to {s,, {s, are, therefore 


I's, = 0, 


(32) 
These called Kutta-Joukowski 
analogy to the conditions which exist for a flow at the sharp trail- 
ing edge of an airfoil profile 


conditions are conditions in 


In the symmetrical case 


Without limitation of the generality it is assumed that the pointe 
in the {-plane corresponding to the cusps are 

ts, = 1, Os =% 
are reduced to 


Then the conditions (31) and (32 


4fono 
mo*)? — 4&,? 


f(+1 0. (34) 


33) and (34 


metrical case 


are the Ku ta-Joukowski conditions in the sym- 


For any duct and flow satisfying the derived conditions the 
velocity distribution can be computed within the duct and on its 
boundaries by formulas (29) and (30). This concludes the gen- 


eral theory as outlined at the beginning of the paper 


Application to Cusp Diffusers 

By application of a transformation of the type (8) to a parallel 
The 
equilibrium conditions for standing vortexes in this particular case 
of diffusers will now be studied 


duct, cusp diffusers as shown in Fig. 7 can be constructed. 


The transformation (8 
7 
2-€ 


Z 


is a single-value d function of z The function 2 


us 


2 


z=Inf—-—i 


however, is multivalued. Therefore a variable r has to be de- 
termined so that { and z are single-valued functions of r. Such 


variable is t = z itself because then 
are both single-valued functions of r. Thus 
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. 
r= AC) =Intg -—i— 


» 


and the equilibrium condition (28) takes the form 


follows. The in-general complex condition (28), therefore, re- 
duces in this case to a real condition. 
If ft 


to the cusps within the z plane Eq. (33) is also valid, namely 


+1 are the points within the [-plane which correspond 


Ca 
Cr 
ro, No, polar co-ordinates are used 


ro COS Po, No = To sin g 


in trom 


i from (38 


sin 2y 


1 ) : 
, — COS 2p 
8 <¢ 
To*, 


Fig. 9 shows the relation between & and mo. 


5 Ss 2 
05 0 0 5. 


Fig. 9 Locus of equilibrium positions of standing vortexes within the 
¢ plane 


ig. 10 shows the locus of vortexes in equilibrium in the case of 
the cusp diffuser of Fig. 7. 
formations of the type 


By repeated application of trans- 
8) this duct can approximately be de- 
formed into the shape shown in Fig. 11 representing the expand- 
ing part of the Princeton cusp diffuser. If transformations of the 
type (8) are repeatedly applied to the parallel duct the resulting 
transformation is represented by a rational and, therefore, single- 
valued function within the plane of this duct. 


Therefore, again 
In € — i(/2) is a proper variable of uniformization, and the 
locus of equilibrium positions of the vortexes within the ¢-plane 
is the same as before. This locus is transformed by each trans- 
formation of the type (8) into the locus of equilibrium positions 
for the resulting duct. 
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The Princeton cusp diffuser proved to be a workable diffuser in 
a case where all conventional and other unconventional designs 
failed, Ref. [7]. In particular, it reduced the turbulence of the 
wind tunnel, which made its operation unsafe without the cusp 
diffuser, to such a degree that a completely smooth flow was ob- 
tained, beside a pressure recovery of about 78 per cent. In Fig. 
11 the locus of equilibrium positions of the standing vortexes for 
various 


measured vortex 


Cog , 
C values is plotted as well as the 
r 


center which is situated on this curve. For this position the 


computed velocity of the flow at the cusp has a maximum. 


Stability Considerations 


The existence of an equilibrium position does not mean that a 
vortex in such position must be stable. A stability analysis based 
on potential-flow theory only would have to make use of the es- 
sential condition that the flow has a finite 


Actually, however, a disturbance can and 


velocity at a cusp. 
usually will result in 
the formation of a new vortex at the cusp, a process which is 
based on viscous-flow properties. Therefore stability considera- 
tions based on potential-flow theory only cannot be expected to 
lead to sufficiently accurate results. In the present paper, which 
deals with potential-flow theory only, such stability 
therefore 


However, relating to the investigations of the pre 


theory will, 


be omitted 

eding seC- 
tion, it might be worth while to note the rol 
Cg Q 


= plays in uniquely determining the equilibriun 


Cr I 


which the ratio 


position, 


Fig. 10 Locus of equilibrium positions within the cusp diffuser 


Fig. 11 Cusp diffuser of the James Forrestal Research Center of Princeton 
University 
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If it is assumed that a standing vortex within a closed-flow area is Therefore 
driven by shear forces from the outside flow [2] it seems to be 
reasonable that the mass flow in the duct influences the circula- 
Thus 
Ce Cy can be conside red as a measure for the driving force in- 
volved 


tion of the standing vortex and therefore, its position. 
More detailed theoretical and experimental investiga- 
tions on the stability of standing vortexes will be published later. 


Conclusion 
On the basis of potential flow 


APPENDIX2 


Relations for functions which are symmetrical to the imaginary 
axis! 


theory 


ising a few results from 
viscous-flow theory, the conditions for a flow in a two-dimensional 
The 


devices and as trapping devices 


duct containing two standing vortexes have been derived 


use of cusps as separation-control 
for standing vortexes has been « xpl iined as a logical consequence 


of the analytical study of the problem. It has been shown how 


proper shapes of ducts or diffusers, for which standing vortexes 


exist according to the theory, can be computed on the basis of the En 
derived conditions. The investigation has been applied to a cusp 


diffuser which closely ipproximates the one 


ised effectively in the in the form 


wind tunnel of the James Forrestal Research Center of Princeton 


‘age h 
University , 


g 
& 7) 
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DISCUSSION 
Jules L. Dussourd‘ 


Another clever application of a standing vortex resides in the 
so-called “tangential fan.’’ In this application, use is made, as 
in the author’s paper, of an artificially induced stationary vortex, 
by fitting a short flow passage with a cusplike protuberance, in 
such a manner as to redistribute the flow in a desirable pattern. 
The comparison stops here however; the eddy in this case is 
not used as a fluid roller bearing or an anti-separation device, but 
rather as a means of establishing a certain distribution of flow 
velocity and flow direction. 

In the tangential fan, a vortex is superimposed upon the source 
flow created by the squirrel cage-type rotor. The combination 
flow enters the rotor from one side in a radial tangential direction 
inward from the outer periphery and leaves in a radial tangential 
direction outward at the other side. Thus, the flow runs across 
the rotor rather than traveling radially out. Both at the entrance 
and exit there exist a strong velocity and absolute angle gradient, 
so designed as to properly match with the rotor blades. The ad- 
vantages claimed for this type of operation are numerous. At 
low Reynolds numbers, say 10,000 (small rotors and low veloci- 
ties), the efficiency is several times the efficiency of equivalent 
radial or axial fans. This is mainly attributed to the fact that the 
bulk of the flow goes through a small percentage of the periphery 
and operates at a much higher Reynolds number. The fan is 
unusually quiet (30 db lower than equivalent axial fan), mainly 
because the rotational tip speeds are low (7 to 9 per cent of 

‘ AiResearch Manufacturing Company of Arizona, a division of 
The Garrett Corporation, Phoenix, Ariz 
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equivalent axial machine). The direction of both mean entering 
and mean leaving flows is convenient for a large majority of in- 
stallations. Installations consist mainly of household ap- 
pliances, such as indoor heating fans, exhaust fans, driers, etc., 
and industrial appliances such as vacuum cleaners, conveyers, 
mixing equipment, ete. 

As in Dr. 
the proper shaping and locating of the cusp that induces the 


vortex. 


Author's Closure 


The author wishes to 


{ingleb’s diffuser, successful operation resides in 


thank Mr. Jules L. Dussourd for his 
The “tangential fan” is not just another 
practical application of a standing vortex. It is of particular 
interest because in this case a standing vortex is effectively sta- 
bilized by superposition with a source-sink flow. It has been 
observed that, in cases where it is difficult to stabilize the two- 
dimensional “roller bearing’ flow between two parallel walls, 
stability can be created by weak suction in direction of the vor- 
tex center line through one or both of the walls where the vortex 
ends. This result can be explained as a boundary-layer control 
effect where the disturbing influence of the wall boundary layer 
on the vortex is removed by suction. 


valuable contribution. 


However, in this case too 
the source-sink flow, superposed on the vortex by the suction 
process, might produce the stabilizing effect. There are other 
observations and possible applications of standing vortexes. A 
considerable number of them have been mentioned or suggested 
during the general discussion of this paper. The author is 
greatly indebted to all contributors and intends to return to 
the subject in a more detailed publication 
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An Experimental Study of Cavitation 
in a Mixed Flow Pump Impeller 


A mixed flow impeller design was tested with six, five, and four vanes in a closed water 


J. FARQUHAR 


CANEL Project, 

Pratt & Whitney Aircraft, 
Middletown, Conn. 
performance. 


loop to study the effects of cavitation on hydraulic performance and the results were 
compared with the work of other investigators. 
cavitation were derived to illustrate limits of cavitation design. 
vane blockage and solidity effects are important when designing for optimum cavitation 
Data showing incidence and speed effects plus the tip static pressure 


Two idealized flow models for incipient 
It was found that both 


profiles in cavitating and noncavitating flow are also presented 


Introduction 


ee occurs in a hydraulic system when the 
static pressure at any point in the fluid is lowered sufficiently to 
permit the liquid to rupture and form filled 
Many that initial or incipient 
cavitation usually takes place at a point where the local static 
pressure becomes equal to the 


vapor cavities 


experimenters have reported 


vapor pressure [1, 3].!. This ex- 
perimental evidence is contrary to the known high rupture 
strength of pure liquids which would require a considerable de- 
crease in pressure below the vapor pressure to rupture and form 
cavities. However, the concept of cavities forming about nuclei 
fl, 4, the theoretical 


underpressure is not realized in ordinary hydraulic systems 


7] offers a plausible explanation of why 


Assuming that cavitation begins as soon as the local static 


pressure 1s equal to vapor pressure, it is convenient to use a 
parameter known as net positive suction head, NPSH, when cor- 
relating data from hydraulic machinery tests and is defined by 


the following equation: 
NPSH = H, 


1 Numbers in brackets designate References at end of paper. 

Contributed by the Hydraulic Division and presented at the Gas 
Turbine Power & Hydraulic Conference, Houston, Texas, March 
6-9, 1960, of Tae American Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Novem- 
ber 30, 1959. Paper No. 60—Hyd-7. 


Nomenclature 


NPSH is 


station immediately upstream of the impeller vanes 


determined at a reference 
This 


parameter gives the total head above vapor head which exists at 


For pump tests, usually 


the reference station for a given degree of cavitation in the pump. 
Although it may be assumed that the NPSH requirements for all 
liquids would be the same at the incipient point, Stepanoff [11] 
and Salemann [12] have shown the importance of including 
thermodynamic effects when correlating cavitation performance 
beyond the incipient stage 

A second cavitation correlating parameter which has been 
widely adopted in pump testing is suction specific speed N,,. 
This parameter was first advanced by G. F. Wislicenus, R. M 


Watson, and I. J. Karassik [6] and is defined as: 


VvVQ 
NPSH)*’* 


Suction specific speed requires qualification with regard to the 
degree of cavitation existing at the point of evaluation. The 
NPSH value is usually selected at some definite percentage drop- 
off in the noncavitating head rise generated by the pump when 
operating at constant values of speed N and flow rate Q. 

The mechanics of cavitation has been well described in the 
literature [4, 7, 8]. In flowing systems, cavitation is known to 
be a cyclic process wherein the’cavities form at some point in the 
stream, grow in accordance witb the laws of fluid dynamics and 
thermodynamics, and collapse violently, as in water hammer, 
when they are transported to regions of higher static pressure. 
Cavitation is objectionable in hydraulic systems for the following 





: t/sin 8* 
B, blockage coefficient , 
2nr/z 
dimensionless 
meridional velocity, ft/sec NPSH 
dimensional constant 
30 V/ 448.8 (29)'/* 2 
3 V 448.8 (29 P, 
VT Q 
g gravitational constant, ft/sec* r 
H, static head, ft 
H, total head, ft 
H, = head of vapor, ft 
NPSH 


C,,?/29 


K = cavitation index - , di- in 
mensionless 


N impeller rotative speed, rpm 
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suction specific speed 
NVQ 
(NPSH)*/* : 

net positive suction head 
H, + C,,2/2g — H,, ft 

° static pressure, psig 

total pressure, psig ? 

flow rate, gpm 

radial distance from impeller 
axis, in. 

meridional tip streamline dis- 
tance from impeller inlet, in. 

total tip meridional streamline 
distance from impeller inlet, 


torque, in-lb 
impeller vane thickness, in. 
impeller wheel speed, ft/sec 


number of impeller vanes 
relative flow angle, degrees 
vane angle, degrees 

NPSH 
cavitation coefficient = a , 
u?/2g 

dimensionless 

flow coefficient 


mensionless 


Subscripts 
0 = reference station upstream of im- 
peller 

reference station inside 


at impeller inlet 


vane row 

Kiel probe station in impeller dis- 
charge 

incipient cavitation condition 

noncavitating 
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Fig. 1 


Fig. 2 Elevation view of the impeller 


a Loss of hydraulic performance, 7) indesirable 


vibration, and damage to hydraulic equipment 


pitting action produced by the collapsing cavities 


es sufficient intensity to d image the structures of the sys 


This paper is concerned with the hydraulic performance 


lue to cavitation in the testing of a mixed flow pump 


Che basic design was teste d witl 


LETL pd er in a closed wate! loop 
five, and four vanes to obtain specific data on the effects of 


irying the vane blockage 


ind solidity of the rotating cascade 


Che data were correlated at the incipient cavitation point and 


results compared with those obtained earlier by Gongwer 


An incipient cavitation index parameter K,; and a flow co- 
correlations and are defined as 


ient @ were used in the 


\ 


NPSH, 
C2 


Impeller tip static pressure profiles were recorded in cavitating 
und noncavitating flow and the results qualitatively compared 


with those of H. Rouse and J. S. MeNown [10] on water tunnel 
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Three versions of the mixed flow impeller tested 


tests of symmetrien! head 


Description of Test Impellers 
The 
these i 


six, five, and four-vaned versions of impeller de- 
shown in Fig. 1. For 
designated A, B, 
meridional profile ot 


and the 


purposes ol identification, 
ind ¢ spectively. The 


the impeller design is prese din Fig. 2 


impellers are 


pertinent dimensions are indicated ein Chis was 


in unshrouded, mixed flow design with an inlet and 


hub hub-tip ratio The 


tip meridional profile was described by 


an inlet nose section of low impeller 


t circular with in inict 
tangent of zero degrees and a discharge tangent of forty-five de 
grees with re spect to the im pe ller axis of rotatior The design 


speed was 4920 rpm at a flow rate of 1500 gpr The inlet tip 
running clearance Was established 
Phe detailed hydraulic 


ment technique reported by 


it 0.030 j 

design was based upor ream fila- 
Hamrick, et al. [5 This genera 
in IBM-704 
The studies 
by this method have all indicated the import 
blockage 


method of analysis was programmed on omputer to 
I pleted to dats 


luding the 
listribution 


expedite the design procedures 


vane when analyzing the stati 


kixelusion of the vane blockage will invariab result in considera- 


ble error in the prediction of the minimum value of static pres- 


sure in the rotating vane passages, especially the low vane 


ingit settings 
The impellers were type-316 stainless steel investment castings 
pro- 


waxes for 


The impeller vanes and the hub section were indi lly 
duced in wax and manually joined to produce the final 


casting. This method of fabrication simplified urement 


of impellers with various numbers of vanes. The rface finish 
’ condition was approximately 50 


or hub 
Machining of the impeller tip contour 


of the impellers in the “as-cast 
rms and no further finishing of the 
formed. 


var Was per- 

hment 
details was completed prior to final inspection. The values of the 
and vane thickness used in the imps inalysis and 


correlation of the test 


vane angle 


in the results ermined by 


Ver 
detailed mechanical inspection ! iry of the impeller 


vane inlet geometry for the inlet tip I three test 1m- 


pellers is presented in Table 1 


Description of the Water Loop 
A schematic of the test loop used for the in peller 


loop designed 


tests is 


shown in Fig. 3. The system was a closed water 


specifically for impeller performance testing Che impeller dis- 


charged into a vaneless conical diffuser section and then into a 
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Fig. 3 Schematic view of the test loop 


Impeller housing 

Discharge pressure accumulator 
Inlet pressure accumulctor 

Heat exchanger 1 
Flow meters J 


F D-C drive motor 
G Gear box 

H Demineralizer 
Degasser tank 
Fill pump 


Vortex generator 
Pick-up tube 
Transparent section 
inlet flow nozzle 
Throttle valves 


K Vacuum pump 


Table 1 Impeller vane inlet geometry 


0 ) 120 
U 7 152 
0 i) 180 
0.3 3 } 204 
0 ; 3 224 
0! 240 


Values: 


Impeller A Impeller B 
18.3 + 0.7 17.4+ 0.5 


Inspection 


Impeller C 
17.0 + 0.5 


3. ° it 
S/S, 

) 
+-0.020 


Maximum vane thickness deviation 0.000 


This 


circumferential static pressure distribution over a wide range of 


collector arrangement provided a uniform discharge 


flows. An elevation view of the impeller installed in the vaneless 
diffuser with the associated instrumentation is shown in Fig. 4 
The impeller housing, inlet plenum chamber, and inlet pipe with 
The 
system permitted either inlet or discharge pressure control of the 
test section through the 


accumulators which were mounted on the impeller inlet and 


the instrumentation is shown in a photograph in Fig. 5. 
use of air pressure regulation of hydrauli: 


discharge pipe sections of the loop. The air and water within the 


accumulators were separated by an expandable rubber bag. The 
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loop was provided with two parallel legs for accurate flow meas- 


urement over different flow ranges Each leg contained a throttle 


} 


valve and flowmeter. The flowmeters were calibrated prior to 


installation to insure accurate flow measurement. The 5-in. flow 


differential was read on a 10-in. inclined mercury 


tube pressure 
manometer while the larger 8-in. flow tube pressure differential 
was read on a mercury U-tube manometer. The inlet total pres- 
sure was measured by a pressure tap located at the center line of 
the inlet plenum chamber on an 8-in. compound Bourdon 
he inlet pressure gage had a range of from — 15 to 85 


psi graduated in 


tube gage 
«psi increments. Discharge total pressure 
was measured in the vaneless diffuser section by six manifolded 
shielded Kiel probes set at the midstream of the diffuser section 
These probes were oriented at a 45-deg angle to the tangential 
plane to minimize incidence effects. They were read on an 8-in 
Bourdon tube gage which had a range of from 0 to 375 psi and 
was graduated in -psi increments. Static pressure measure- 
ments were taken by 13 static pressure taps located along the tip 
of the impeller and were read by a Bourdon tube gage similar to 
those described. An8-in. Bourdon tube gage connected to the inlet 
plenum chamber at the impeller center line was used as a reference 
zero for all gages. The zero of all gages was checked daily prior 
to testing. The temperature of the water was measured by a 
The water 
temperature was maintained at a constant value of 100 F for 


all test points by an automatically regulated shell and 


thermocouple immersed in the inlet plenum chamber. 


almost 
tube type heat exchanger 
Traverse equipment was mounted immediately upstream of 


the impeller as shown in Fig. 5. The traverse gear, in conjunction 
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Fig. 5 Impeller test rig 


A Impeller housing C inlet traverse gear 
B Collector D_iInlet plenum chamber 
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with a balancing control, was used to radially and angularly 
position a yaw probe into the stream. 

A degassing and demineralizing system was used to purify the 
water used in the test loop 
passed through an ion exchange demineralizer, then to a degasser 
tank. 
vacuum pump connection. 


The water entering the loop was first 


The degasser tank contained a steam heating coil and a 
A small pump was provided to pump 
the degassed water from the tank into the test loop. A stationary 
vaned vortex generator with a pickup tube located three pipe 
diameters downstream, was used to remove the remaining en- 
trained and dissolved gas in the water prior to testing. The 
pickup tube discharged into the degasser tank. 

A 250 hp d-c motor coupled to a 2.: 
as the unit. 
tachometer which took a signal from a tachometer generator 
mounted on the drive motor. The speed was checked several 
times during the testing by a photoelectric pickup which utilized 
a disk alternately painted black and white mounted on the drive 
motor shaft. The photoelectric pickup output was read on an 
E-PUT meter. These checks found the speed to be within 0.3 
per cent of that read by the tachometer 


33/1 step up gear box served 


drive Speed was measured by a direct reading 


The torque was read 
on a self balancing potentiometer graduated in 10-inch-pound in- 
crements. The torque meter was checked several times during 
testing by inserting a known resistance across the bridge circuit 
and reading the output on the potentiometer 


Test Procedure 


The test loop was filled with water through the degassing and 
demineralizing system. In the degasser tank the water was 
heated by steam in a vacuum to remove the dissolved gas in the 
After the system had 
been filled with water, it was circulated at a low flow rate with the 


water and then pumped into the loop 


discharge pressure so controlled that the impeller inlet pressure 
was maintained at about 5 psia. The water passed through the 
stationary vaned vortex generator which separated any remain- 
ing gas from the water. A mixture of gas and water was sucked 
out of the loop through the pickup tube to the degasser tank. 
The water carryover was pumped from the degasser tank back to 
the loop 


less than 3 ppm. 


This procedure resulted in a dissolved gas content of 
The dissolved gas content of the water was 
measured by a gas analyzer prior to the start of testing 

The cavitation tests were performed by maintaining the flow 
and speed constant and recording the torque, inlet pressure, dis- 
charge total pressure, and water temperature. Pressure control 
was maintained by the discharge or inlet accumulator depending 
upon whether the lowest attainable inlet pressure was below 
atmospheric pressure or above. 

Flow traverses of the inlet to the impeller were made with the 
flow and speed held constant and with the impeller operating in 
a noncavitating condition. A yaw probe was used to measure 
the stream total pressure and flow angle at radial increments 
The inlet flow i 
characteristics were evaluated frora the 


across the inlet pipe »zzle total pressure loss 
traverse data and were 
found to be negligible in the flow range of interest. 
were indi- 
vidually at each test point by a manifolded valving arrangement 


at the control panel. 


The tip static pressure measwements recorded 
Frequent purging of the gage lines was per- 
formed to insure that gas entrainment did not occur 


Test Results 


Inlet traverse data were obtained using impeller A with a fixed 
throttle valve setting to give flows of 750, 1500, and 1980 gpm 
corresponding to impeller rotational speeds of 2460, 4920, and 
6500 rpm. Fig. 6 is a graph of the meridional velocity C,, divided 
by the maximum velocity C,, max a8 a function of radial distance 
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Fig. 6 


from the impeller axis r. The values of C,, were computed from 
yaw probe total pressure and flow angle measurements and the 
wall static pressure at the inlet pipe radial traverse location 
shown in Fig. 4. The average measured swirl angle of the flow in 
the inlet region did not exceed two degrees from the meridional 
direction, and at most stations was under one degree. 

In Fig. 7, 
shown 


typical cavitation data obtained for impeller A are 
The total head generated by the impeller when operating 
in cavitation divided by the noncavitating head, (H»2 - H»)/ 
(He — Hw),., and the corresponding torque divided by the non- 
cavitating torque values, 7'/7',., are plotted against NPSH for a 
series of cavitation tests at an impeller speed of 4920 rpm and 
flows from 1000 to 1900 gpm. 

The net positive suction head values at cavitation inception, 
NPSH,, were taken to be at the point where the impeller head 
rise first departed from the constant noncavitating value. The 
torque measurement proved to be a useful cross-check on the in- 
cipient cavitation point, although it was not generally as positive 
an identification as the head drop off determination. 

The NPSH, values were determined in cavitation tests of im- 
pellers A, B, and C for flows of 450 to 1100 gpm at a speed of 
2460 rpm and for flows of 1000 to 2300 gpm at 4920 rpm. For 
impellers A and B, NPSH,; was also determined for flows of 1000 
to 2240 gpm at a speed of 6500 rpm. These values of NPSH; 
were used to determine the cavitation index K, as a function of the 
flow coefficient @ in accordance with the definitions given by 
equations (3) and (4), respectively. The results are plotted in 
Figs. 12, 13, and 14. These data points were converted to 
suction specific speed N,, by substituting the proper speed N, 
flow Q, and NPSH, values in equation (2), and the results are 
plotted against the flow coefficient @ in Figs. 15, 16, and 17. 

Curves of tip static pressure P, are plotted against the ratio of 
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Fig.7 Typical cavitating to noncavitating head and torque ratios versus NPSH—impeller A at 4920 rpm 
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Fig. 8 Noncavitating tip static pressure distribution for various flows—impeller A at 4920 rpm 
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Fig. 9 Tip static pressure distribution—impeller A at 4920 rpm and 
1500 gpm 
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Fig. 10 Tip static pressure distribution—impeller B at 4920 rpm and 
1500 gpm 
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Fig. 11 Tip static pressure distribusion—impeller C at 4920 rpm and 
1500 gpm 





Cavitation index versus flow coefficient—impeller A 


Fig. 12 


the impeller tip streamline meridional distances from the inlet to 
the total meridional distance, S/S,, for progressively lower inlet 
Figs. 9, 10, and 11 are for impellers A, B, and C, re- 
spectively, and correspond to an impeller speed of 4920 rpm and 
a flow rate of 1500 gpm. 


pressures. 


For impeller A, the effect of vary ing incidence on the noncavi- 
tating tip static pressure distribution is shown in Fig. 8 where 
the static head minus inlet total head, H, — Hy», is plotted as a 
function of S/S, for flows from 1100 to 2600 gpm at a constant 
impeller speed of 4920 rpm. 
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Fig. 13 Cavitation index versus flow coefficient—impeller B 


Fig. 14 Cavitation index versus flow coefficient—impeller C 
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Fig. 16 Suction specific speed versus flow coefficient—impeller B 
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Fig. 17 Suction specific speed versus flow coefficient—impeller C 


Gongwer’s Correlation Compared With Two idealized Flow 
Mo dels 


Before proceeding with a comparison of the test results ob- 
tained with those reported earlier by C. A. Gongwer [9], it is 
appropriate to briefly review the principal concepts developed in 
his paper. G. F. Wislicenus, in his discussion of this paper, 
stated that the three coefficients used by Gongwer can be shown 
by the methods of dimensional analysis to be the only independent 
dimensionless coefficients which can be formed out of the variables 
Q, NPSH, N, andr. These coefficients, in the terminology of the 
current study, are: 

NPSH 
(3) 


(4) 


y= — (5) 


Equations (3) and (4), as noted in the Introduction, were used 
to correlate the cavitation data of the three impellers currently 
tested. The alternate correlation of y as a function of ¢ did not 
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offer any specific advantage over the K versus ¢ correlation and 
was therefore dropped in this study. The most significant part 
of the experimental correlation achieved by Gongwer was his 
trial and error fitting of an empirical curve through the data 
points of several different impellers at the no incidence condition 
and at the breakoff point in cavitation on the Ky versus @» plot 
The equation of this empirical curve is: 


Ky = 144 0.085 (1 + gis) 


12, 13, and 14 for a direct 
The breakoff point 
was defined on the NPSH versus head rise cavitation plots, con- 
ducted at constant speed and flow rate, as where the head rise 
Gongwer noted that the NPSH value at 
the breakoff point at zero incidence was only slightly lower than 
the NPSH value at the incipient cavitation point, indicating a 
very sharp breakoff in the head rise versus NPSH cavitation 


This curve is shown plotted in Figs 
comparison with the results of this study. 


became equal to zero 


curve at this condition. On either side of this point, the apparent 
effect of incidence was to yield a more gradual breakoff in these 
cavitation curves. This observation will be referred to again in 
the discussion of results 

In a manner similar to that demonstrated by Gongwer, it is 
straightforward to translate this prediction curve on the Kg 
versus ¢» plot to a N,, versus dp plot. 
the suction specific speed equation as: 


To illustrate, first write 


VvVQ 
NPSH)*/* 


Now, the variables in equation (2) may be rewritten: 


S60 u 


Wr 


448.8 


NPSH 


) 


Substituting the values of equation (7) into equation (2): 


y 30% 148.8 (29)*/* 1 
Von 3 (Ko LW pl 


u 
Designating the constant within the brackets as D and substitut- 
ing equation (4), equation (8) may be rewritten as: 


D 
(Ko /* de 


Since from Gongwer’s correlation Ko is an established function 
of do, the N,, versus ¢ plot may be readily determined and is 
presented in Figs. 15, 16, and 17 for comparison with the current 
test results. 

At this point, it is of interest to consider two idealized flow 


models in the inlets of centrifugal pumps and to compare these 
with the empirical correlation derived by Gongwer. 

The first model is represented by the ideal case where the in- 
cipient cavitation point is reached when the NPSH, value be- 
comes equal to the dynamic head existing at the eye of the im- 
peller, C,.0?/2g, corresponding to a one-dimensional flow and ex- 
cluding all blockage 
of Ko = 1. Substituting a value of K; 
yields: 


In Fig. 19, this is shown as a horizontal line 
1 into equation (9 
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N D 

=< 
be 

This equation of an equilateral hyperbola is plotted in Fig. 20 
and would predict values of N,, approaching infinity as ¢» ap- 
proaches zero. On the other hand, this flow model illustrates the 
fact that it is certainly not possible to achieve very high values 
of suction specific speed at the higher range of @» values since this 
flow model represents the idealized upper limits of N,, in pump 
design. 

The second flow model to be considered is one including a 
typical vane blockage effect. 
flow pattern and an axial inlet section to simplify the geometry, it 
is possible to compute a vane blockage effect based upon the 
A blockage coefficient B, may be de- 


(10) 


Again, assuming a one-dimensional 


cascade shown in Fig. 18 
fined as: 

t/sin B* 

” Qer/2 


(11) 


TANGENTIAL 
DIRECTION 


Fig. 18 Inlet vane geometry and velocity triangles 
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Fig. 19 Comparison of cavitation index versus flow coefficient for two 
idealized flow models and empirical curve from Gongwer 
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This model corresponds to the results of a vane blockage study 
reported earlier by J. D. Stanitz [2]. Now, due to the 


the meridional velocity is accelerated in passing from 


vane 
blo kage, 
the upstream station to the station inside the vane row in ac- 
cordance with the following equation: 


12 


Assuming that the total head constant in the 


region, the incipient NPSH, value would be: 


remains inlet 


NPSH, 


Dividing both sides of equation (13 2q and substitut- 


ing from equation (3 


Equation (14) may be rewritten: 


K 


1/sin p* 
tan B* - d 


valuated by the following equation: 


Now, for no incidence, so that @) m 


he : 


These equations are shown } 
0.0149 in Fig 


ylotted for tz 0.0224 and lz 

19 for the cases corre sponding to Impe llers A and 
this study, respectively. Equation (15) is also transcribed 
ol equation (9) tor these two cases to produes the plot 


These 


bloc kage, 


versus @ shown in Fig. 20 two cases illustrate the 


mportance of considering vane especially at the low 


ilues of @) corresponding to low vane angle settings. In the @ 


nge under this idealized flow model 
would be 
than Impeller A 
he cavitation perlormance ¢ 
for Impeller A and Impelle1 


blockage 


trend 


investigation, wou 


id pre- 
that Impeller C significantly better in cavitation 
Also, 
f Impeller B would lie between 

Itisa 
crudely 


Gongwer and 


formance this model would predict 


noted that 


lso to be 


lealized flow model only 


approximates 


xperimental derived by 


vields very 


yptimistic prediction values of cavitation performance for the 


onfigurations tested 


Discussion of Test Results 


rhe curves shown in Figs. 12, 13, and 


the experimental results of Impellers A, B, 


14 were 
and C, respectively 
t the incipient cavitation point using the correlating parameters 
Ko and @» at the various speeds tested. These 
plotted on Figs. 15, 16, as N,,, versus @ using equation (9). 
\ speed effect was noted for all three versions of the impeller de- 


derived from 


results were re- 
and 17 


ign tested at speeds of 2460 and 4920 rpm which resulted in 
lower values of suction specific speed at corresponding @ values 
it. the Pe speed. A possible explanation is that the residence 
for the cavitation bubbles in the cavitation zone is longer at 
the lower speed and this encourages more rapid bubble growth. 
However, a comparison of the data at 4920 and 6500 rpm on Im- 
pellers A and B did not distinct speed effect which 
suggestv an upper limit to these phenomena. 


time 


reveal 
In general, it is to be 
noted that the results of these tests at the higher speeds indicate 
t superior cavitation performance over Gongwer’s correlation. 
Impeller B showed improved performance over Impeller A which 
vas in accord with the concept of reduced vane blockage effects. 
However, Impeller C, with the minimum blockage effect, did not 
938 
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result in the best cavitation perform nce 
bility that the 
nificant than the vane blockage in this limiting cas 
2 and 18, the solidity is defined 
up meridional streamline distance 


his raises the possi- 


reduced solidity of this imp ller was more sig- 
teferring 
to Figs is the ratio of the total 


S, to the vane gap 2mr/z. For 
the fixed meridional profiles of the impellers tested, the solidity is 
thus directly proportional to the number of vanes 

The curves identified as @, in Figs 
from the 


12 through 17 were derived 


curves designated @) by substituting the meridional 
inside the 
The velocity Ge 


the vanes 


velocity vane row C,, for the upstream value C 


is greater than C,,o due to the blockage effect of 
The method of evaluating vane blockage is shown in 
Fig. 18. An of blockage ipon 


tip sections was computed as shown in the Appendiy 


average value based the hub and 
For the ons 
dimensional flow considered, the values of C,, were 
by continuity using the unblocked flow 
using the flow conditions inside the row are 
and 14 where the 


coincide 


determined 
area Che significance of 
1 Figs. 12, 13 


d signated dg; 


for each im- 


minimum values for the « 
to the measured vane angle 
peller as denoted by the vertical broken lines 

verifies that blockage effects must be considered 


quite closely 
This correlation 
when designing 
for no incidence. 

A study of Figs. 9, 10, and 11 
similarities in the 


shows some very 


interesting 


tip static pressure profiles in cavitating flow 


It is noted that the point of very rapid pressure rise, as indicated 
bv the lowest curve in enc h figure, 
ot S S, 


ibout the same value 
tion of the 
il the | 


was reported by H. Rouse 


occurs at 
0.55 which is just inside the “‘working’’ se 


impeller The 


rapid static pressure rise characteristic point 


of coll ipse of the cavitation ‘‘bubbl 


50r 7 T T 
\ Novy FROM EQN 10 
\ C SV 
\ | 


\ z T 1 | 
y/FROM EQUATIONS 8, 


5 AND I6 WITH 


’ 








=002 
=O 


24 
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a ~, y FROM EQN 9 USING— ~ 
"K, FROM GONGWER 
~7 OF THIS PAPER] 





{| 
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Fig. 20 Comparison of suction specific speed versus flow coefficient 
for two idealized flow models and empirical curve from Gongwer 





McNown 
head forms at the no incidence condition 


and J. 8S 10] on water tunnel studies on symmetrical 


! logy to this 
study is valid, it may be assumed that the cavitation only begins 


“bubble’’ 
nteresting ob- 


to have a drastic when the 
Another 
tip static pressure profile plots Was 


that the first perceptible change of slope occurred near the | 


effect. on performance 
progresses to the “working section.”’ 


servation made on these 


eading 
This 
local effect might well be the true incipient cavitation point, but 


edge at a total inlet pressure in the vicinity of 10 psig 
was not measurable in the head drop off characteristics 
The observation that the difference between the 
NPSH values at the and breakoff cavitation points 
occurs at the no incidence point is qualitatively verified by the 
plots shown in Fig. 7. The more gradual breakoff in the cavita- 
tion curves on either side of this point indicates that possibly the 
effect of incidence is to disperse or retard the progress of the 


minimum 
incipient 


cavitation bubble into the working section of the impeller. 
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] ig. 3S shows the 


efiect | vy 


ik 
pressure profiles in non flow At the 

is noted by the 
pressure In th I reg it the 
doubtedly ver 


From the 


lowest flow 
the effect of a stall in the high inle 
stati flow 
Compile 

meridional inlet profile plot shown i 


it is concluded that the velocity profiles were not shifting 


eye of impeller 


Conclusions 


Several general conclusi m be drawn from this s 


mixed flow itrifug I 


cavitation in a pump impeller 


l For 
blo« kage 


optimum 
effects 


incipier tation performance, the 


should be kept i minimum consistent 
solidity limits in the inlet entrifugal impellers 
is especially important in tion specific speed 
corresponding to low inlet 

2 The 


sensitive to 
it the no 


Incipient iVl 
incidence effects 
incidence conditior 
inlet vane 
effect 
3 It would appt 
could be derives 
rather than 


than ¢ 


curve 
vane 
C., rather 


} 


row 


ve eliminated when ¢ 
peller designs 

} \ 
the solidity of the 


Impeller ¢ 


quantative 


did not 


iower over the 


t 2400 rpr mpared to that at 4920 rpn 


ed quite close] 


This ma 


ds of 4920 rpm and 


tion zo! 


»> have a definite 


issocia 
same st 
iVitatior 


plies lat cavita- 


1Onty wher 


periormance 


itation bu vorking’”’ section of 


the impe ller 


‘ The results o 


NPSH values 


off points are the closest to « 


ol Grongwer i 
that the ciprent ind break- 
oO Incidence 


A possible explanation for th tha effect of incidence 


condi- 
tion 
is to disperse or retard the mig on of t vitation bubble into 
the working section of the imp 


8 A study of the tip static pre plots 


1 consistently 
revealed a local drop in pressure the leading edge of the vanes 
those identified 


i change in 


at intermediate pressure levels from 


which were 
as cavitating and noncavitating flow on the 
the developed head rise 


basis of 
This local effect may well be the 


incipient cavitation condition for the impellers tested 


true 
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APPENDIX 
Evaluation of Inlet Blockage for Impellers Tested 


rring to Fig. 18 “ iat the frontal thickness con 


the ax 


design vane 


see Table 
U.0600/sin 


alu S, the 


0.120/sin 66.2 


presents a trapezoidal 


und 0.131 


pezoid having bases of 0.200 


0.200 + O.131 


(0.50)? 0.785 in.? 


ivailable for flow at the “o’’ station in the 
diameter inlet pipe is 18.8 in.? 


) 1.89 in 
The formula for the area availabk 


for the flow immediately inside the impeller vane inlet section is: 
Area 


pipe area — hub nose area — (area per vane no. ol vanes 


This is the area at reference station 1 The meridional velocity 


is inversely proportional to the area, therefore: 
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Cm /Cmo = areag/area, = 18.8/area, 
When this expression is combined with equation (12) the 
_ blockage coefficient B, may be found as: 
B, = 1 — 1/(18.8/area;,) 
For impeller A: 
Area; = 18.8 — 0.785 — (0.316)(6) = 16.1 in.? 
B, = 0.143 
For impeller B: 
Area, = 18.8 — 0.785 — (0.316) (5) = 16.4 in.? 
B, = 0.131 
For impeller C: 
Area; = 18.8 — 0.785 — (0.316)(4) = 16.7 in.? 
B, = 0.109 


DISCUSSION 


J. W. Holl? 


The authors are to be congratulated on so fine a paper. I was 
particularly glad to see the presence of a velocity scale effect. This 
has been frequently observed in cavitation work on submerged 
bodies at Penn State and Cal Tech. In general these tests indi- 
cate that the cavitation number at inception increases with an in- 


? Associate Professor of "Mechanical Engineering, University of 
Nebraska, Lincoln, Nebr. 
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crease in velocity. I wonder whether the authors have observed 
any difference between the pressure at which cavitation disap- 


pears and the pressure at which it first appears. 


Authors’ Closure 


It has been gratifying to learn that the existence of the veloc- 
ity scale effect agrees with the observations of other investigators. 
In the Nomenclature of this paper, the cavitation index K was 
observed to decrease with an increase in velocity at a constant 
value of the flow coefficient @ which yielded a higher value of 
the suction specific speed N,,. The data presented by Mr. V. 
Salemann at the Cavitation Symposium of this 
agreed with the speed effect. noted above. Also, during the open 
discussion of this paper, Mr. M. J. Hartmann commented that 
he had observed a similar trend in his tests of an axial flow pump. 
It is important to point out, however, that the true incipi- 
ent cavitation point most probably occurred at higher values of 
the cavitation index than as determined by the first detectable 
change of the output head with decreasing NPSH 
tions of the tip static pressure distributions, as shown in Figs. 9, 


conference 


The observa- 


10, and 11 of this paper, are cited in support of this conclusion. 
In reply to Professor Holl’s question, the “incipient cavitation” 
and “‘desinent cavitation,” as defined in his paper at this meeting, 
would necessitate visual observation of these point 
ing impeller vanes. 


s on the rotat- 
Although this was not attempted on these 
tests, the authors certainly agree that such information would 
be of great interest. 
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An Effect of Air Content on the 


J. W. HOLL? 


Assistant Professor of Engineering Research, 
Ordnance Research Laboratory, 
The Pennsylvania State University, 


University Park, Pa. considered 


Occurrence of Cavitation 


The simultaneous occurrence of vaporous and gaseous cavitation on hydrofoils ts 
The experimental results show that gaseous cavitation occurs at much 


higher ambient pressures than that for the vaporous cavitation resulting in desinent 
cavitation numbers twice the minimum-pressure coefficient of the hydrofoil. The 
analysis indicates that the difference between the desinent-cavitation number for the 
gaseous cavitation and that for the vaporous cavitation is proportional to the dissolved 
air content and inversely proportional to the square of the velocity. 


Introduction 


= EFFECT of air content on cavitation is of classical 
This is particularly true for that state which lies be- 
tween no cavitation and a limited amount. 


interest 
Like many other 
aspects of cavitation, this phenomenon is not well understood. 
It is not the intent of this paper to discuss the influence of air 
content in a general sense, but rather a particular case is con- 
sidered. 

The case considered is that of the simultaneous occurrence of 
vaporous and gaseous cavitation on hydrofoils. An analysis of 
this phenomenon based on the static equilibrium law for a 
epherical bubble has led to most encouraging results. 
20-in. Water 
Tunnel at the Ordnance Research Laboratory of the Pennsyl- 


The experiments were conducted in the 4.5 X 


vania State University. The results of this program were re- 
ported by Calehuff and Wislicenus [1 | 
only been recently 


However, it has 
[2] that the true meaning of these results was 


-in 1956. 


ascertained. 


Flow Regimes 


Cavitating flows are commonly described by the cavitation 


number 


1 This work was supported by the Bureau of Ordnance and Bureau 
of Ships of the Department of the Navy under contract NOrd 16597 
and by the Office of Naval Research of the Department of the Navy 
under contract NR 062-139. 

? As of September 1, 1959, Associate Professor of Mechanical Engi- 
neering, University of Nebraska, Lincoln, Nebraska. 

+ Numbers in brackets designate References at end of paper. 

Contributed by the Hydraulic Division and presented at the 
Gas Turbine Power & Hydraulic Conference, Houston, Texas, March 
6-9, 1960, of Tue American Society or MecHANICAL ENGINEERS 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME 
November 30, 1959. Paper No. 60—Hyd-8. 


Headquarters, 


Nomenclature 


P on Oe 
g= a = (1) 

/pV 
where P is the free-stream or ambient pressure, P, the vapor pres- 
sure at the bulk temperature of the liquid, p the mass density, 
and V the free-stream velocity. 

Cavitation experiments are usually conducted by holding the 
velocity constant and varying the free-stream static pressure. 
In so doing various regimes of flow are observed; the “‘noncavitat- 
ing flow’’ regime occurs at sufficiently large values of P that there 


“ ” 


is no evidence of cavitation bubbles whereas the “cavity flow 
regime occurs at sufficiently small values of P that profuse cavita- 
tion is observed. Between these two states lies the regime of 
“limited cavitation’ 


bubbles is in evidence. 


where a very small number of cavitation 


Limited cavitation may be attained by lowering the pressure 
from the noncavitating flow regime and observing the first ap- 
pearance of cavitation or by first establishing a cavity flow 
and raising the pressure to determine the disappearance of cavita- 
tion. 
the latter is here defined as 


The former is commonly called “incipient cavitation” and 
“desinent cavitation.’ 

For incipient cavitation there will correspond a particular value 
of P called the “in eption pressure”’ P,, 
cavitation there is the “desinence pressure’ P, 


desinent 
these 
definitions there follows the incipient-cavitation number o,; and 


whereas for 


From 


desinent-cavitation number o, given by 
2 > 

P; — P, 

1/,pV? 


P, — P, 
1/,pV2 j 


Experiments indicate [3] that the desinence pressure is greater 
The difference between 
P, and P, is often called “cavitation hysteresis” [3]. In terms of 


the cavitation number, incipient and desinent cavitation are re- 


than or equal to the inception pressure 


lated by the expression 





pressure coefficient 
minimum-pressure coefficient ble 
free-stream static pressure 


partial pressure of air in bubble tion 


free-stream static pressure at 
the state of desinent cavita- 


tion 
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liquid pressure external to bub- 


free-stream static 
the state of incipient cavita- 


minimum pressure in the fluid 
vapor pressure 
bubble radius 


surface tension 

free-stream velocity 

at dissolved air content 
Henry’s law constant 

mass density of liquid 
cavitation number 
desinent-cavitation number 
incipient-cavitation number 
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Fam G. (4) 


Thus, for a given flow condition, 7, appears to be the upper limit 
lor 0, 


Furthermore, incipient cavitation is random it 


1 nature 
whereas desinent cavitation is repeatable. 


Because of the re- 
peatable nature of the desinent state, many laboratories deter- 
mine the regime of limited cavitation by this means. However, 
it has been the practice to call the state so determined inc Ipient 
cavitation rather than desinent cavitation as introduced in this 
paper. 

It must be emphasized that the distinction between incipient 
ind desinent cavitation may be only a matter of definition ir 


y 
However, following a suggestion by M. Strasberg of 
the David Tay lor Model Basin the author felt it was proper a 
this point to distinguish between the two in an attempt to end 


some cases. 


in} confusion in terminology which has arisen. 


Laws of Cavitation 


In order to clearly bring out the proble m to be conside red it 


IU Is 


necessary to distinguish between two broad types of cavitatior 
Vaporous cavitation is the sudden expansion of a y ipor bubble 
due to vaporization of the liquid at the bubble wall whereas 
gaseous cavitation is the relatively slow « Xpansion of a gus bubble 
lue to diffusion 

Cavitation may be expected to occur at the point of minimur 
pressure in the fluid 
P... oe 


For a bluff body the minimum pressure 


irs in the vortexes of the 


wuke flow On the other } ind, 
as the hydrofoils considered in this 


the minimum pressure occurs on the surface of the body 


ase, one 


rr a streamlined body such 


can define a minimum-pressure coefficient 


P — P. ry 
2pV? 


The minimum pressure coeflicient is taken as a measu 


linimum pressure in the noncavitating-flow regime 
It is 


usually assumed that the 


ipor pressure at the 


minimum pressure is equal 


state of desinent vaporous cavitation It 
ssumed that the small vapor bubbles do not alter materi 
the pressure field from that obtained for the 


From these ass 


noncavitating 
regime 


imptions it is evident that 


istatement of the fundamental theo: 


iVitation and it states desinent 


is equal to the minimum ire coefficient 
ivituting-flow regime 


he fundamental theory of desinent v iporous cavit 


Nevertheless, sy 
vears on submerged bodies h 
of so-called “ 
than 
Pherefore 


ed to be 


correct In Many Instances 
tation 


d tl 


Is olten 


tests in recent 


it because scale effects’? the minim 


less vapor pressure at 


the 


the state of 
ivitation 1 general relation for 


iVitation Is 


contrast to y iporous cavitation, gaseous cavitation 


at pressures than 


radii are great enough o 


greater vapor pressure provided 
bubble hus for fair! 


LASCOUS 


ivitation is such that 


‘In the fundamental 
cipient and desinent 
t} 


theory, no distinction is 
Thu 


theory of 


made between 


cavitation Equation (6) is also a st 


ie fundamental 


a 


ite 


incipient vaporous cavitatior 
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it water velocities from 30 to 70 fps The 


ihout 75 I 


Olls stood out among all other ch il 


that two types of desinent cavitation could 


formly 
However, it 

ung to the 
pient pressures 
5 caliber 


angle s ol 


bodies has been made by the author in Appendix 


~ ( 
in 


one, the point of minimum pressure shifts f 
re 


g The critical angle for the 
from reference [8]. 


Experiments 


In 1954 a program was initiated at the Ordnance Research 
Laboratory to study desinent cavitation on hydrofoils [1]. This 
program was very essential because of the dearth of information 
on two-dimensional bodies in contrast to the extensive 
mental information on three-dimensional bodies [4}.6 The only 


experi- 


extensive tests on hydrofoils available at that time 
conducted by Parkin on a family of 12 per cent thie! 
Joukowski hydrofoils 6, 7 


were those 


svmmetrical 


Several families of hydrofoils were emp the ORL tests 


if lror vot 


The chord lengths of these models va 


o five inches 
However, it will be necessary to consider of the families 


n order to bring forth the point ol this 
NACA 16012 and 0.5 caliber hydrofoils, 
shown in Fig. 1. 


These are the 


s of which are 
The span of all hydrofoils 


59 in. so that the 
models spanned the entire width of the 


water test section 


0.5 CALIBER HYDROFOILS 
t=O.1C 





f—0.55 C 








r,=O.5t 
"716.251 
+ 


MODEL CHORDS: 2", 3",5" 


NACA 16012 HYDROFOILS 


"wax =O0.12C 





MODEL CHORDS: 2 1/2", 5" 


Fig. 1 Hydrofoil cross sections 


Che hydrofoils were tested at angles of 


te mperature 


for most of the tests and the dissolved air content 
varied from 6 to 17 PPM.‘ 


The 0.5 caliber hvdrofoils were the first 
st NACA drofoils were 
\ very striking phenomenon common to all the 


iter, @, 


ployed in the 
' 


program 


sted 


Subsequently, the 16012 } 


hydro 
icterist t was observed 

etermined As 
ition to disappear, a 
where the cavitatior 


pressure was increased causing the cavit 


re iched 


across the span 


essure Wiis ppe ired 


This was referred to as areal cavitation 
that several cavitation 


surface and continued to do so 


unl- 
was observed bubbles still 
ip to very high am- 
These spots of cavitation were manifest on the 


hydrofoils and on the NACA 


ing 


16012 hvdrofoils at 
ittack above the critical 


\ reanalysis of available tests on two ar three-diensional 


\ of Reference | 
PPM Moles of air per million moles of wate 
The critical angle of attack is that angle at wl 


ich the change of 
n With angle becomes very large. 


For angles above the critical 
to the leading 
16012 hydrofoils is 


forward close 


NACA 


1.5 deg 
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Examples of this phenot shown in Figs. 2 through 4 
VTi in ¢ ich hgure The 


f cavitation data shown by the black 


wo sets of cavitation dat 


circles 
real cavitatior vyherenas the cross es denote the spot 


NACA h 


it is seen that the re tation ol 


Vitution Referring to t drotoil 


quation (Ss 


whereas the cavitation spot 


more 


that at the er velocities the desin« 


number spots 


tatior 
the minimum-pre t 
minimum-pressure 
rhe data for the 0.5 « 
NACA h 


s not determined for the 


yarotoul 


Since large valu 


irregu 


inities Can ¢ ise 10 reduct ns in pressure 


give desinent-cavit ter than the minimum-pres 
sure coefficient t 1 


hypothe 


} tested ind the occurrence 
entuated. | 
less than the 


This was attributed the 


irthermors 


the spots dl attack erica 


pressure point Is closer 


his wo 


ty since it 


s thicker 
eguiari 


j 


On the other hand 


inimum pressure poi 


dary layer was Vv 


regularities would be 


ng Calehuff and W 





woe —— 


NACA 16012 HYDROFOIL 


CHORD -2.5 INCHES 
[ANGLE OF ATTACK-25° 


04+ 0.45 + jevt 1* 


TEST 6) ps) 
T « ma | 

745 F, 03 PPM 
aei7.3 PPM 
+ = SPOTS OF CAVITATION 
. AREAL CAVITATION 


+ + + + + + 


Cp 20.8 — 
min | 


(THEORETICAL) 


DESINENT-—CAVITATION NUMBER, o@ 





20 60 
FREE-STREAM VELOCITY, V, fos 


Fig. 2 Two types of cavitation on a 2.5-in. NACA 16012 hydrofoil 
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ind thereby 
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Two types of cavitation on a 5-in. NACA 16012 hydrofoil 
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Fig. 4 Two types of cavitation on a 5-in. 0.5 caliber hydrofoil 
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in their analysis of the hydrofoil tests [1] tentatively concluded 
that surface irregularities were the cause of spots of cavitation. 
Certainly the conclusions of Calehuff and Wislicenus were 
plausible. One 
would expect the surface irregularities to become progressively 


However, the explanation was not complete. 


more important as the velocity is increased since a roughness 
would protrude further into the boundary layer at higher veloci 
ties than at low velocities. Thus one would expect the desinent- 
cavitation number of the cavitation spots to be a monotonically 
increasing function of the velocity. The results of references [2 
and 9] which were not available at the time of Calehuff and 
Wislicenus’ Referring to Figs. 2 
through 4 it is seen, however, that the desinent-cavitation number 
for the cavitation spots is a monotonically decreasing function of 
the velocity. At the suggestion of G. F. Wislicenus* the author 
investigated this matter further. As described in the previous 


work confirm this reasoning. 


section, gaseous cavitation can occur at liquid pressures greater 
than vapor pressure. This could then be a cause for observed 
value of o, being greater than Cpmin. The reanalysis of these 
tests given in the following section shows that the spots of cavita- 


tion were, in fact, gaseous cavitation. 


Analysis 


The clear glassy appearance of the cavitation spots suggested 
to the author that they may have been gaseous rather than 
vaporous cavitation. Furthermore, when une considers the pro- 
cedure employed in the tests this possibility is even more ap- 
parent. In the initial portion of the test cycle, when cavitation 
was well established, the pressure was very low and gas bubbles 
were formed by air coming out of the solution. As the pressure 
was increased, the vaporous cavitation disappeared leaving the 
gas bubbles. Since the gas bubbles were stabilized on the sur- 
face, one must postulate a mechanism for such a phenomenon. 
One explanation may be that surface irregularities acted as traps 
for air bubbles. Another explanation may be that bubbles were 
stabilized on the surface in the adverse pressure gradient following 
the minimum pressure point. Under these circumstances, the 
pressure gradient force apparently balances the drag, adhesion, 
and buoyancy forces. Bubbles stabilized in the adverse gradient 
of a hemispherical nose have been reported by Parkin and Ker- 
meen [10]. Hence the fact that these bubbles occurred on the 
NACA hydrofoils at angles of attack above the critical angle and 
on the 0.5 caliber hydrofoils both of which have very predominant 
adverse pressure gradients, points to the possible role of the pres- 
sure gradient in stabilizing bubbles on the surface. 

To clearly show that the spots of cavitation were gaseous cavi- 
tation, the following theory is presented. 
equation for the bubble is [11] 


The statie equilibrium 


(9) 


where P, is the partial pressure of the air, P, the liquid pressure 
on the outside of the bubble, s the surface tension, and r the bubble 
radius. When the bubble becomes saturated with air, the air 
pressure is @@ where a@ is the dissolved air content and 6 Henry’s 
law constant. Under these conditions an upper limit to the ex- 
ternal pressure P, is determined. At this pressure, surface ten- 
sion reacts to cause the bubble to dissolve [12]. For the saturated 


condition, Equation 9) becomes 


aB + P, = P,4 


(10) 


§ Director of the Garfield Thomas Water Tunnel of the Ordnance 
Research Laboratory and Professor of Aeronautical Engineering at 
the Pennsylvania State University. 
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Solving Equation (10) for P, and multiplying the result by minus 
one gives 


2s 


-P, = —P, + af - (11) 


> 
Adding the free-stream static pressure at desinence P, to both 


sides of Equation (11) and dividing the result by '/.:pV? results in 


P,- P, 
\/spV? 


P, — P, ap 2s/r 
} 7) 


12 


\/spV2 1/spV2 


The term on the left-hand side of equation 
cavitation number o, by definition. 


12) is the desinent 
The first term on the right 
hand side of the equation is some pressure coefficient C, Em- 
ploying o, and C, in Equation (12) yields 


ap 2s/r 


1/.pV2 


4 P ~ (13) 

\/spV2 

The visual observation of cavitation indicated that the bubble 

radius r was approximately 0.01 in. Hence the last term on the 

right-hand side of Equation (13) is small and can be neglected.® 
Then Equation (13) reduces to 

ag 
: (14) 
2p , 


The air content and Henry’s law constant wer: 
from the test data. 
somewhat indefinite. 


determined 
However, the pressure coefficient C, is 
The bubbles were probably stabilized in 
the adverse pressure gradient downstream from the minimum 
pressure point. Thus C, is less than Cymin. It will be assumed 
that C, is approximately equal to o, for the areal cavitation at 
the highest velocity 

The results of this analysis are shown by the solid curves in 
Figs. 2 through 4. The agreement between this simple equi- 
librium theory and the measured values is most remarkable.” 
It definitely shows that the spots of cavitation were gaseous 
cavitation. 

It should be pointed out that the increase in cavitation num- 
bers at low velocities similar to that of the gaseous cavitation is 
occasionally observed in cavitation research. For example, see 
the data for the '/,-in. diameter hemispherical nose in reference 
[4]. Also note that the lower set of data in Fig. 3 has this 
characteristic. Possibly all these phenomenon are related and 
may be due to gas effects. 


Discussion 


Before bringing this paper to a close the author would like to dis- 
cuss several points of interest. It is not known whether the 
gaseous spots of cavitation would adhere to the surface for a very 
wide range of air contents 
vestigate this point 


Tests should be conducted to in- 
In addition, it may be that the existence of 
the cavitation spots is dependent upon the test procedure. Thus 
the spots of cavitation may be peculiar to desinent cavitation and 
therefore would not appear in incipient cavitation 

The theoretical curve agrees very well with the data by the as- 
sumption that the pressure coefficient corresponding to the loca- 
tion of the bubble on the surface, C to the desinent- 
Was 
Or does it have physical 
significance in regard to the occurrence of vaporous cavitation? 
One might hypothesize that the most likely place for vaporous 


p Was equa 
cavitation number o, of the areal vaporous cavitation 


this merely a fortuitous assumption? 


® At 70 F forr = 0.01 in., the quantity 48/rp is equal to 12.34 ft?/ 
sec.? 

10 These results suggest that 4 hydrofoil might be used as an in- 
direct means of measuring the dissolved air content. 
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cavitation to occur is where the time available for growth is a 
maximum. 
would 


Under these circumstances, the v sporous cavitation 


occur where the bubbles are stabilized on the body. 


There would be no so-called “time effects’’ in Scale 
effects caused by changes in the length and/or velocity of the sys- 


tem would probably be due to shifts of the point of stabilization on 


this case 


the body since the force balance on the bubble must be influenced 
by the state of the boundary layer 
be less than Ce. 


In this case o, would always 
n Since cavitation would be initiated in a region 
where the pressure is greater than at the minimum pressure point 
Also, if this hypothe sis is true then scale effects may be ap- 

a body has a flat 
pressure distribution such as an NACA 16012 at 0 deg angle of 


attack or a sharp pressure distribution such as a hemispherical- 


preciably different depending upon whether 


nosed body of revolution. In the former case, there may not be 
a point of stabilization on the body since the adverse pressure 
gradient is very small. At 0 deg angle of attack during the tests 
of the NACA 16012 hydrofoils there was no evidence of stabilized 
bubbles for all bubbles appeare d to be traveling with the fluid 
There is some evidence, see Appendix A of reference [2], indicat- 
ing that there are different types of scale effects depending on 
the type of pressure distribution 

Tests should be conducted to determine C, This could proba- 
biy be accomplished by visual observation of the location of the 
bubbles on the body. The pressure coefficient 
could then be found from the pressure distribution corresponding 
to the observed location of the bubble. Possibly an average 
value of Cp taken over a length equal to the bubble diameter 
would have to be used 


stabilized gas 


Following this, high-speed motion pic- 
tures of the bubble growth process should be made along the lines 
of those conducted by Parkin and Kermeen [10 


Conclusions 
The major conclusions of this inv 


] The desinent-cavitation number for 
the gaseous cavitation and that for the 


estigation are as follows 


difference between the 
vaporous cavitation Is 
directly proportional to the dissolved air content and inversely 
proportional to the square of the velocity 


2 Gaseous cavitation can oc 


ur at very high ambient pres- 
sures resulting in desinent-cavitation numbers which are several 
times the minimum-pressure cot fficient of the body. 
3 To minimize the effects of air content and thus avoid possi- 
ble confusion of vaporous and gaseous cavitation, tests should be 
conducted at low dissolved air contents and high velocities. 

4 It is not known whether the gaseous spots of cavitation 
would adhere to the surface for range of dissolved 


Furthermore, it is possible that the spots of gaseous 


a very wide 
air contents 
cavitation are peculiar to desinent cavitation and therefore would 
not appear in incipient cavitation 

5 Perhaps the occasionally observed increas¢ at low 
velocities encountered in cavitation experiments is due to gas 
effects 

6 It 
region of the 


of C4 


be that bubbles stabilized on the 
adverse pressure gradient are 


may surface in the 


also a source for 
vaporous cavitation. To investigate this point it is reeommended 


that high-speed photographic studies be made of the bubble 


growth process. 
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DISCUSSION 
Blaine R. Parkin!! 


Professor Holl’s clear and concise discussion of his observations 
on the occurrence of cavitation is certainly of interest to all who 
tried to unravel the 


have fundamental physical relationships 


which must apply to these phenomena Moreover, his sug- 
gestions for further research deserve serious consideration. 
There are a number of points suggested by Dr. Holl’s paper 
which I hope he will kindly amplify. For example, as long as the 
effects of surface tension are negligible it would seem that Eq. 
I am 
prompted to inquire therefore if the spots were a¢tually spherical 
bubbles. Could they have been glassy flattened cavities attached 
to the body? 


14) should be valid for cavitation spots of any shape. 


It is noted in the text that spots of cavitation were 
generally found in regions of adverse pressure gradient on the 
Was the chord- 


wise location of the spots of cavitation related in any way to the 


profiles. Is this also true of the areal cavitation? 


position of the areal cavitation? At a constant value of o do the 
spots of cavitation show any changes with time or is this strictly 
a steady phenomenon? Has it been possible to estimate even 
crudely any influence of boundary layer dimensions upon charac- 
teristic sizes of the two types of cavitation? Do you believe that 
the trend of o, versus V for the areal cavitation in Fig. 3 might 
be due to air nuclei effects of the sort studied by Ripken?!? Is 

11 Physics Division, The RAND Corporation, Santa Monica, Calif. 

12 J. F. Ripken, ‘‘A Study of the Influence of Gas Nuclei on Cavita- 
tion Scale Effects in Water-Tunnel Tests,’’ Project Report No. 58, 
St. Anthony Falls Hydraulics Laboratory, University of Minnesota, 
February, 1958. [ASTIA No. AD202626.] 
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there any difference in noise level produced by spots of cavitation 
ind by areal cavitation? 
I should like to conclude this inquisition by thanking Dr. Hol 


or preparing his stimulating paper 


Author’s Closure 


The author welcomes the discussion presented by Dr. Parkir 


d will attempt to be brief in answering the many questions 


lhe bubbles observed on the surface of the hydrofoils were near! 


spherical in shape and were not the glassy flattened cavities typi 


cal of the nearly desinent state of v tporous cavitation 


rhe analysis of these tests was carried out some five years afte! 


the tests were made At the time the tests were conducted the 


role of diffusion in causing the spots of cavitation and the possibli 
ole of the adverse pressure gradient inh stabilizing these bubbles 
is not realized hus accurate measurements as to the Loca 


of the various types of cavitation and other quantitative ar 
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qualitative information were not obtained can be said 


is that the analysis seems to be the most logica ‘ tis assumed 


that both the gaseous and vaporous cavitat irred in the 


ulverse pressure gradient No extensive te onducted at 


onstant 0 to determine the nature of spot g 


nut presilmae- 
he process was nearly a stenc 


\ crude estimate of the effect of boun: | er dimensions o! 
the sizes of the various types of « made and 


it the time of the tests very lit obtained 
However, the vaporous cavitati 
level than that of the 


gaser 


Ihe inomalous trend of OgVvel 
Fig. 3 may be due to air nu 


Ripken since his data are qui 


o However the role of « 


the concrete 


prool 


oman icle 1of kn 
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useful. A suitable pressure recovery factor may be assumed by 
reference to the experimental curves (Fig. 8). An example of a 
supersonic jet pump calculation including its over-all efficiency 
has been included in the discussion appearing in section 7.] 


Analysis 


1 Theory of the Parallel-Walled Air to Air Jet Pump With 
Parallel Injection. Configuration A. 


The configuration of this pump is shown in Fig. 1(A). It is 
assumed that flow from a to s, from ¢ to p, and from v to d is 
adiabatic and isentropic, and that between p-s and v there is no 
wall friction and no heat transfer across the walls. Stagnation 


and d. 


to conditions at the outlets of the inducing and induced air ori- 


conditions are supposed to hold at a, c, p and s refer 
fices and it is assumed that mixing is complete at v. 

The theory is developed in terms of nondimensional parameters 
which are defined for adiabatic and isentropic gas flow such as 
If stagnation condi- 
tions (corresponding to a, c, and d) are indicated by suffix 1 the 
definitions of the parameters are as follows 


exists between a and s, c and p, and v and d. 


M 


Flow ratio R = M, 


a : PA+ MV 
Thrust ratio J 
PA 
: MV 
Momentum ratio J 
PA 
The critical flow condition for a gas flowing isentropically from 
given stagnation conditions occurs when the mass flow per unit 
area is 8 Maximum 


k 


Such conditions are represented by subscript 


a gas is derived in textbooks on 
gas dynamics such as reference [2]. 


The critical mass flow M, for 
In terms of stagnation con- 
ditions and flow area, it may be written as: 


= 
M,=- AVP 4 ( 2 \7-! (2) | To ; 
l d j v 4 ) 
k Pr Y y¥+1 P \ T, 


In this equation suffix 0 represents arbitrary standard conditions 
of tenyperature and pressure. 


In reference [2] it is shown that, for a given value of specific 


heat ratio y, the foregoing ratios and the ratio of static to stagna- 

tion pressure P/P; are functions of Mach number M only. 

They may therefore be found from gas tables (References [2 

and 3]).? 

Finally, a pumping parameter defined by the induction ratio 
K M, < 
1 = (5) 
My 

is used in the analysis. 

K and R, represent the mass flows of the inducing and induced 
jets, respectively, divided by the critical or maximum mass flow 
in the induced jet. = M/My 
specifies conditions in the diffuser and is the principal determinant 


The flow ratio after mixing, FP, 


of the over-all pressure recovery factor as will be shown in section 
12. 

In order to find the stagnation pressure P, and flow ratio after 
mixing, R,, for given values of R, and K and given stagnation 
conditions in the inducing and induced jets, we solve the equa- 
tions of conservation of energy, mass, and momentum. 

Energy Equation: By noting that the flow in the jet pump from 
points a and ¢c to point d is adiabatic in the sense that there is heat 
transfer only between the two gas streams and no heat transfer 
to external sources or sinks, the relation for mass~ nergy mixing 
may be derived 


+ i, —"— ar, = 
y-1 
The introduction of the functions R and K defined in equations 


(1) and (5), yields 


Equation (6) specifies the temperature at d in terms of the tem- 


2In terms of the symbols used in references [2 ar 1: 
tions may be expressed as follows: 
/ A 
/ 
| A* 


], these func- 


1 


i 


PF / 4 
= / is 


I FP 
= J; 
R P* 


+ 


Iyx* = 1.268 for y = 1.4 





Nomenclature 


mixing section area adjacent to in- 
ducing flow outlet (Fig. 1B) 

available energy per unit mass of 
gas 

spec ific heat ratio of a gas . onditions 


over-all efficiency 
: . a gas 
absolute viscosity 


half angle of taper of restricting 
needle 


/ 


Vy half angle of divergence of diffuser 


Subscripts and Superscripts 


0 standard conditions of pressure tained 


pump for the flows at s, P; and v, 
respectively 

practical or test value 

induced air stagnation conditions 


pressure in the surroundings of 
inducing air stagnation conditions 
delivery air stagnation conditions 


critical conditions of flow, when 


the corresponding 
conditions and flow area is at- 


flow conditions at outlet of induced 


air nozzle 


flow conditions at throat of induc- 
ing air nozzle (for convergent 
temperature and 
nozzles t = p 
flow conditions at the point where 
the gases are fully mixed 


flow conditions in the diffuser 


throat 


the maximum mass flow rate for 


stagnation , 
waht induced fluid properties 


inducing fluid properties 


and temperature 

1 = stagnation conditions in isentropic 
adiabatic flow, corresponding to 
conditions at a, c, and d in the 
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maximum value attained experi- 
mentally 

flow conditions at outlet of induc- 
ing air nozzle 


delivery (mixed) fluid properties 


maximum value attainable ac- 


cording to analysis 
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DELIVERED AIR } peratures at a and c and the parameters R,and K. From this it is 
INDUCING AIR seen that if 





T/T, = 1, then T,/T, = 1. 


Mass Equation: The definitions in equations (1) and (5) to- 
gether with the equation for conservation of mass 





M,= 
yield the relation 


M J 
R, . = 
My 


Applying equation (4) for critical mass flow to points s and 





A, P, ./T, 





which may be substituted in the previous relation to give, after 


transposition: 
Ba. (a + fa) A, |T. (7) 
| aa R, A, \ 7. 


This equation specifies the pressure at d in terms of the flow 
ratio at v. 





Momentum Equation: The momentum equation is 
PA, + M,V,+ PA,+ MV, = PA, + M.V, 
which in terms of thrust ratio defined in equation (2) becomes 
PAjJ, + P.Ad, = PeAd, 


We may derive A,/A, in terms of parameters defined by equa- 
tions (1) and (5) by the application of equation (4) for critical 
flow at s and p, thus 








K a M ys = = oa ue (8) 
R, My &, Fa \ Se 
This is substituted in the momentum equation divided by P,A, 
to obtain 


P, (= P. | T (9) 
i> \m. \ , 4 : 


€ a 











This equation gives a relation between the pressure at d and the 
thrust ratio at v. 

Area Equation: The condition of parallel walls gives in this case 
relation 


Fig. 1 Jet pump configurations which, when divided by A, and after substitution of A,/A, from 
equation (8), becomes 





(10) 








| 
} 
02 O03 4 


Fig. 2 Flow ratio R, and stagnation pressure Pz after mixing for jet pump configuration A versus induced flow ratio R, and critical mass 
ratio C; of inducing air to total air 
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Since J, and R, are both functions of 


A, and 7 ,,/T, are known in terms of 


and (9 


Solution: Flow Ratio: 
P,/P 4 only, and since A 
equations (10) and (6), we now have two equations (7 
for two unknowns P,,/P, and P,/P, 


We solve by substituting for P,/P, from equation 


ec 


7) in ¢ qua- 


tion (9), and substituting 7',/7, from equation (6), to obtain: 


/ 


5 &, 
oe r R, 
£ 


y" 
lr 
T. 


(K T R, “ 
K + R, 


kK 


1, +t, 

R, 
In this form the equation corresponds to equations (22 and (27 
In this simplified case it may, however, be written in the form 


I 


Vir. k 


mvenient for calculations from gas tables. 


is used to determine FP, // The corresponding 
nd from gas tables. 
the for 7 


substitution of relations 


10 


Pressure 


| iations (6) and , equation (7) becomes 


ther with the value of R, derived from equa- 
stagnation pressure after mixing. 

ilues of R, and P,/P, corresponding to super- 

flow, for each vaiue of R,/I,. For the case 

ed flow is initially supersonic, the maximum de- 

~ attained when the normal shock has been forced 
throat of the diffuser. The assumptions made about 

and v also apply across a normal shock, so 

th solutions apply and they represent condi- 
fter the normal shock. The expansion of the 
1 during mixing may block the flow area for the in- 

i and thereby decrease the capacity of the pump, but 

of the momentum equation, pro- 
ised. 

oO equations, there fore, give the 


Mach numbers) and the stagnation pressures 


iffect the validity 
iss flow rates are 


supersonic and sub- 


ratios (ol 


ing of the two flows. 


omplete m 
Particular Cases: lor certain particular cases the general equa- 


1] ind 12 
ection, R l 


simplify considerably, as follows: 


ind equal stagnation temperatures 


iddition, the induced flow is critical 
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then 


, ; 
S simultaneously 


so that this pump configuration in theor 
at the throat » and the inlet s, and 


R,=R 15 


Equation 12) or (14) then becomes 


Pa A 
P 


For greater ease of calculation this is writt 


According to equ 
tions of AK and R, or 
P ,/P 4, is then also a fu 

Graphs of R, and P,/P 
R,, for sonic inducing flov 
Fig. 2. These may be used iz 
give flow ratios and stagnatior 

The maximum induced air flow 1 
R, = 


Calcul 


1 and represents the theo 
itions made by using t 
that the critical condition when the 


s the m« 


wt efficient operating co iditior 


2 Parallel-Walled Jet Pump With Angular Injection, With 
Overpressure Neglected. Configuration B. 


? 


Chis configuration is shown in Fig. 1(B Che 


ind ict 


stream 


i stream 


flows in a parallel mixing section and the inducing flows 


is ol symmetry 


in from the sides, ata small angle to the ax 
ind mass equations 
10) we | 


For this case the energy 


tin valid Instead of are 4s equation 


A, (0 
A, 


Momentum Equation: In this case the area of the annular jet is 


outside the parallel section, and if we apply the momentum law 


of small 


becomes 


cosines 


across the parallel section only, and assume 
angles equal to unity, the momentum equation (9 


M.V, + P.A, + M,V, = P,A, + MV, 


PF 


which, on application of the definitions (2) and (3) for J and J, 


and equation (8) for A,/A,, reduces to: 


K } T 
se “8 
R, Ei lle, 
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rhis equation assumes that the velocity of the in 


is unchanged between the point where it leaves th 


] 


ind where it enters the paralle ] stream 


inducing orifice is bal 


the pressure in the mouth of th 
on the ( 
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its shape ind for hi ‘ stagn 


pressure irved wall opposite it. However, f 
supersonic flow pressure ratio across the inducing 


termined by ition 


P, will exceed the 


Such ov 


pressure nd the | 


1] 
quation 
Solution: 
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issed in section 12 


This will only 


pre 
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be true ul 
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3 Parallel-Walled Jet Pump With Angular Injection, and 


Overpressure Accounted For. Configuration C. 


induc Inge jt 


eeector implies that over 


the Y in Fig. 1(B 
the pressure near this point in the p 
the the 


assuming pressure the curve 


Iressi 


rea mi 
I 


srKed 


secondary flow may 


r 
indicated in Fig. 1(C 


induce equations 


to hold on 1 portion 
The equations in section 4 for the general case 
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where 


(30) 


Fe Re . 
A plot of K ge (4: - 1) against R,,y for subsonic induced 
e 2 
flows is given in Fig. 3. 
at v after mixing. 


This applies only when the flow chokes 
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Fig.3 Maximum induced flow ratio R,. for the general pump configura- 
tion C, D, E versus the difference in area ratios at the inducing and chok- 
ing points 


If, for configuration E in Fig. 1, the pump chokes at »;, where 
mixing is still incomplete, the maximum flow ratio R,, may be 
approximated by substituting A,,/A, in equation (29) and Fig. 3, 
thereby neglecting the effect of mixing. The result obtained 
in section 1 for sonic injection, where choking occurred simul- 
taneously for the mixed and unmixed conditions, justifies this 
approximation to a certain extent, although the conditions are 
different 

Choking will occur at the point which gives the lowest value of 
R,y provided the induced flow is subsonic. 

Conclusion: The general theory presented in this section may 
be made to yield the results for configurations A and C in Fig. 1, 
by substituting 


- ii Ze, , 
A, By ¥, 7. 
and A,/A, = 1, respectively. 

The theory is extended to the case of different gases in the in- 
ducing and induced flows and to the incompressible case in the 
Appendixes. 
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5 The Relationship Between Over-All Pressure Recovery 
Factor and Flow Ratio in the Diffuser Throat 


The foregoing analysis allows for mixing losses and for the loss 
across a normal shock in the mixing section if required. Friction 
and all other losses must, however, be accounted for by an over- 
all pressure recovery factor defined by 

> 
» 
_ 
P, 
where P,,* refers to delivery pressures obtained in a practical 
pump. 

We consider first the divergent flow in the subsonic diffuser, 
which we assume to be adiabatic. 

For isentropic flow, 


1 


P./P, = (1 ae 


75 pee)’ 
2y =P, 


If, however, a portion k of the kinetic energy at the throat is lost, 
the delivery pressure will be 


P * — ] V,? 
Canes pe ie cal Pe 
P, 2Y P, 


which leads to the relation 


(31) 


Thus the pressure recovery factor of the diffuser is a function 
of pressure ratio P,/P, only. For fixed y, P,/P, and M, are 
related only to the flow ratio R,. Hence the pressure recovery 
factor will be a function of the flow ratio R, only, provided k is 
a constant or a function of Mach number 

Both inducing and induced flows are present in the diffuser, 
which probably represents the principal source of loss in the 
pump. 
a function of the flow ratio R,, we now assume that, for the pump 
as a whole, the pressure recovery factor is a function of the flow 
ratio at the diffuser throat. 


As pressure recovery factor in the diffuser is apparently 


P,*/P, = f(R, (32 
The correlation of practical results on this basis is described in 
section 12, and the results are shown in Fig. 8 


6 Efficiency 


Although the previous analysis together with the pressure re- 
covery factor makes a comparison of different jet pumps possible, 
it is still of interest to find the true over-all efficiency of the 
pump. 
follows: 


We may define the efficiency in terms of available work as 


energy available as work in the delivered air 
energy available as work in the inducing and induced air 


(33) 


If suffix b denotes the fluid under the conditions of temperature 
and pressure of its surroundings, the energy W, available in a 
fluid supplied at constant pressure and at a negligible velocity, is 
the sum of its available internal energy, C,(7 — T7,), the work 
continuously being done by some agency to supply it at this 
pressure P/p — P,/p, and the heat energy 7, (S, — 8), which it 
can draw in from its surroundings and convert to work due to ita 
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entropy. By substituting for the pressure-volume terms and for 


the entropy, the available energy per unit mass of a gas becomes: 


Y T ) 34 
og ( 34 
, Ee T, ) 


The efficiency equation for the jet pump is then 


W = C,(T — T,) + RT, (og, P/P, — - 
T 


cannot deal with overpressure in the inducing jet 


and several loss factors 


ized equation of state and partly by the use of total heat-entropy 
charts. 


Fliigel’s theory is less general than the present theory since it 
It is also more 


difficult to apply because of the need for total heat-entropy charts 


It can, however, be used for vapors, 


K T R, C, T,- T’,) + RT, (log, P. P, — : , Be T ) 


A A . 
RT, (log, P + ae : j 1B ) + R,| CAT, — T,) 4 R7, (log, 


T, 
Fora jet pump inducing air from atmosphe re, with atmospheric 
stagnation temperature in the inducing stream and with over-all 
operation so that 7, TT, =T 
7, the efficiency equation simplifies to 


adiabatic (but not ise ntropi 


d 


K + R,) log, P,/P, 
K log, P./P, 
With the pressure recovery factor taken into account, the true 
efficiency is 


This form of the effic lia permits the loss in efficiency 


due to shor k and mixing | Sst 1a th lus to triction lossses to 


} 


be estimated separately and to give the total loss 


in efficiency 


7 Comparison With Previous Analyses 
Notable 


compressible 


work on the performance of jet pumps operating on 
fluids h Wood [7 

Kastner and oon , Keenan, Neumann, 

Lustwerk 10), and Irv 


their results in 


and 
nd Wood presented 
in empiri I ting to establish 
a comprehensive theorv fo ( elation analytical work 
of the other aut 
light of the present analy 
Fliigel was the first 


issed in the 


hors Wii 
omentum theory 
de calculations 


ig the 


to Jet pump calculations 
based on the then estab! 
only He 


momentum equation 


energy equa- 


a proceeded to point out the advantages of the 
sults for com 

ising this equatior He 
Neither 

based on 
to compressible fluid 
tir. > FF. His 

corresponded to equation 
Dis- 
charge coefficients for the inducing and induced air jets and an 


pressible and incompressibl also 
issed the 


the results based on the 


disci mixing theory for different configurations 


mon im theory nor that 


mixing theory are, however pplicable 


pumps 
momentum equation 2 
(21) of the 


with overpressure in the inducing 
equation 22 
present analysis, with a friction term added. 
independent diffuser efficiency were employed instead of an over- 
all pressure recovery factor. The method assumed that the pres- 
sures P,, P., and P, were known and that the ratio of inducing to 
induced air K/R, had to be determined 


P, was found from a graph and K/R, was based on this value 


The optimum value of 


Constant pressure mixing and constant area mixing were both 


considered and the calculations were done partly with a general- 
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y- 
P 

P 

whereas the simple r form of the present theory cannot In cases 
where the ratio of inducing to induced air is unknown, rather 
than the delivery pressure, it may give a quicker answer, especially 
The 


be modified to allow for the special inlet con- 


for incompressible fluids diffuser efficiency to be used 
should, however, 
ditions obtained in the jet pump 

of constant 
total heat- 


a numerical solution 


Kastner and Spooner gave a solution for the case 


pressure mixing in terms of specially constructed 


entropy charts For constant area mixing, 


was given which applied to large area ratios. Finally a solu- 


tion was given for the case where there was no induced flow, i.e., a 
This corre sponds to the case 
l and P, Pm 1, so that 


be easily simpli- 


calculation of the terminal vacuum 
where R, 0 and consequently I 
the general formulas in the present 


inalysis ma \ 
fied to give the corresponding results 

In the Neumann, and L 
us well as constant area mixing, 
using the parameters of mass ratio M,/M, R,/K, 
1j/A, 1. R, { ind Mach number 
for the Mach number mixing, M, 
press 


mav therefore 


work of Keenan, istwerk, analyses 
were given of constant pressure 
area ratio 
Equations were derived 
This represents the full 


P is known to he 


ilter 
solution for the constant 
to P,, and P 


iation for P 


ire case, since 
Unfortunately 


ted 


may be 


equa be determined 


neq in the constant are is not st 


i case 


The results for the constant obtained 


pressure case 


I 
it only by 


from the section 4, b trial 
fixed A, value and varying A,, until the 
value of P, obtained from the result is equal to P,. How 
ches P. the 
ion involved 


ial to P 


Ipe rvrity 


present general theory in 
and error issumMmIng A 
ever, as 
better results, as the ap- 


the 


theory will give 
in ssuming the 


is diminished 


pressure in mixing 


ot const mixing over constant area 


of dif- 


idvant ig of the me thod 


int pressure 


mixing, found by Keenan, et al., may be due to the type 


in inherent 


il 
1] 


his will be il 


rather than 


1 
fuser assumed 


of mixing istrated by analyzing the exampk 
quoted by them 


ratio P 


The examplk is that of a 
P,, of 100, with 7 re 


jet pump operating at 
ind R kK 0.27 
pressure for 
throat is 


a pressure 


For constant mixing at the best 
re 0.89, the stagnation pressure in the diffuser 
P i. 11.02 at a Mach number of M 2.29 which 
normal shock and isentropic subsonic diffusion, becomes P,/P, 
6.47. The lue of A,/A, 


tion is A,/A 


pressure mixing 


after a 


corresponding 


| to this operating condi 


Using the simplk 
flows in a parallel jet pump, we obtain the delivery pressure P,/P, 
1.54 


with constant area mixing will be obtained when the induced jet 


equation (16) for sonic inducing and induced 


We may decide by intuition, however, that the best result 


area is & Minimum and the inducing jet area is a maximum 
1 and i. i. 
0.00528, giving full supersonic expansion 
From tables then, R, 


This corresponds to the condition that R, 
0.528, and P,,/P 
of the inducing jet and R, a minimum 
0.0804, J,, = 0.1336, 7,/R 1.661 
Substitution of these quantities in equation (11 
1.578 


gives I,/R 
The values of M., and R corresponding to this are 3.09 
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Fig. 4 Design details of the jet pump used in the tests 


and 0.217 in the supersonic case, and 0.470 and 0.713 in the sub- 
Substitution of FR 


sonic case in equation (11) gives stagnation 
14.85 and P,/P, 1.52 before and after 
If isentropic supersonic diffusion could be maintained, 


a normal shock at M 


stant pressure mixing, a delivery pressure ratio P,/P, 


pressures of P,/P, 
the shock 
2.29, as in the case of con- 


8.72 


followed by 


would be obtained, which is higher than for constant pressur 
rhe over-all efficiency for a pressure recovery factor of 
On these 


mixing. 
unity is 59.7 per cent as compared to 51.5 per cent 
grounds constant area mixing is superior for this case. Unless a 
supersonic diffuser is used, however, nothing is gained by full 
expansion ol the inducing jet 

The graph ol pressure recovery tuctor by these authors in Fig 
12 of reference [4] appears to confirm the assumption that pres- 
sure recovery factor is a function of mass flow ratio after mixing, 
R, 

\ theoretical approach similar to that followed in the present 
inalysis was adopted by Irving for use in the calculation of induc- 
tion wind tunnels. The equations were developed in terms of 


mass ratio R,/A, area ratio 


I 


: Ba 
pi 


ind Mach number, and use was made of the f 


and Ll, = /,, Ls = 


The use of the area ratio parameter is not favored in the 


present analysis because the area ratio is subject to limitations 


imposed by the critical flow condition, and cannot therefore be 
varied at will. Furthermore, in the case of a narrow inducing ai 
jet, where considerable boundary layer builds up, it is the quantity 
of induced air, rather than the area of the jet, which determines 
the output of the pump; so that an analysis in terms of parameter 
K is more easily applied to the practical case is may be venfhed 


bv reference to section 12 


Experiment 
8 The Jet Pump 


In order to test the surmise that the pressure recovery factor is 


i function of the flow ratio after mixing, a special jet pump was 


designed and tested A configuration res¢ mbling Fig. 1(A) as 


The solution of the ' 
corresponded to equation (11) of the present al 
noted 


due to in 


mass, cnerg and momentul 
il It 


lator ») of 


equations 
should be 
however, that there is an error in eq reference [5], 
version of the factor (.N3// In corrected forn 


tion should read 


this equa- 


Fig. 5 Photograph of the dismantled jet pump 
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closely as possible was attempted, but with adjustable inducing 
The result 
Was 4 pump corresponding to configurations C, D, or E of Fig. 1 


for which the theory had to be 


and induced jet areas and a removable mixing section 


modified Although it is not es- 


sential from a theoretical point of view, an annular inducing jet 


‘ 


was preferred to a central j because it mav be expected to 


provide more rapid mixing better velocity distribution in 
the diffuser A design dra r of the 


section of the nozzk 


pump and an enlarged 


configu s shown in Fig. 4. Fig. 5 is a 


photograph of the dismant 


9 Experimental Setup 
l'o establish the pump cl 
ind the 


had to be determined Phe 


stagnation conditions 
quantity of indu ind deliver ois 
ip is shown 

in Fig. 6 
Phe inducing air was ind throttle valve 


oO 4 Water trap It thes tered a et passed straight 


nto the stagnation issued through the 
inducing nozzle int e Mixing 8 pressure drop fron 
before the orifice he pump Was small 
is estimated p' 
lantity 
mass flow rate of ind I r iro tha f the 


stagnation condi perir-< 


itmospheric tempera 


test site 
The pressure of the mixed f ‘ " n sured 


i 


diffuser throat and six diameters bevond the diffuser 


ivery pipe, it then passed tl throttie valve to an orifice 


meter followed by the outlet : orifice was calibrated against 


the inducing air orifice ( ! ] induced air nozzle 
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Fig.6 Experimental setup 
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performed on the pump with extended mixing section and witb- 


out restricting needle in the inducing orifice. For the second 


series the needle was inserted fully The tests were repeated 
for the third and fourth series without the extension in the mixing 
Kach series comprised 25 tests with fixed inducing air 


In each test 


section 
pressures and jet areas sets ol re adings were ob- 


tained at about ten deliver ranging from the point at 


pressures 
which the pump just blows back to the minimum delive 
wched 


rhe improved performance 


pre &- 


sure that could be re 


predicted theoretically, when the 


restricting needle was inserted in the induced air jet nozzle at low 


induced air flows is observed during the tests 


11 Results 


Form The ilts were plotted in the torm of gr iphs of de- 


iverv static re pressure against standard volume of air de- 


ip 
livered for each test, with the quantity of inducing air marked on 

iphs 
including nozzle 


Phese 


The graphs indicated that the quantity of 


for the same nominal inducing air pressures 


openings were grouped together is 


in Fig. 7 graphs may be consulted in reference [1 
iir delivered in each 
test increased with reduced deliver intil a choking point 


pressure 


was reached, after which no further increase was possible In 
some ca wey he induction was not sufficiently strong to 
delivery 
that the 


that 


condition for positive gage 


plained by the pres- 


SUrINIS€ 


these instances were go low they 


retical pressur inder choking conditions 


e gal 


Accuracy position of points on the characteristics finally 


derived show that. with lew exceptions the accuracy for any 


the order oft 


0.05 psi or 10 standard cfh which 


imum random error of 0.18 and 0.3 per cent in the 


tir pressure and quantity 
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Fig. 7 Specimen test characteristics for jet pump (configuration E at 
nominal inducing pressure of 65 psig and five induced jet openings) 
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12 Correlation of Results With Theory 


Attempts were made to correlate the experimental results in 
section 11 with the analysis presented in earlier sections. A 
satisfactory correlation could not be achieved when using the 
theory for configuration A. In configuration B, where the over- 
pressure in the inducing jet is neglected, the maximum delivy- 
ery pressure predicted by the analysis was exceeded in the ex- 
periments. 

The test results indicated that the assumption for configura- 
tion C, where the overpressure in the inducing jet exerted its full 
influence on the momentum equation, in spite of being outside 


the parallel section, yielded much closer agreement with experi- 


mental results. This is of Importance, as overpressure is com- 
cf 220). 
compare the results with the 


monly neglected in similar cases 
It 


more involved theories for configurations C, D, and } 


reference [2], p 
was necessary, therefore, to 
The com- 
parison was made by plotting the pressure recovery factor against 
the theoretical flow ratio after mixing 

In applying the theory, A and R, were determined by dividing 
the experimental values of M, and M, by the calculated value of 
VW, 


und temperature 


based on the induced nozzle area and atmosphe ric pressure 
As the shape and area of the inducing nozzle 
were difficult to specify exactly, 


sonic injection of inducing air 


Was assumed, i.e., supersonic expansion of the inducing air was 
The 
theoretical delivery pressure P, and flow ratio R, were thus found 
28) with R T’., and A,/A, 


determined as indicated in section 4 


neglected. Equal stagnation temperatures were assumed 


97 


from equations | and 


he comparison of practice with theory on this basis is shown 
in the four graphs in Fig. 8 
that 


Inspection of these graphs shows 
be 
drawn through the points so that only 30 per cent of the points will 
than ! off the 
will be more than 3 per cent off the mean 


for test series 0 (configuration C), a mean line may 


pe more per cent mean, and only one point 


At a delivery pressure 
ol 2 psia one half per cent represents 0.1 psi which is of the same 
order as the scatter on the original pump characteristics, Fig. 7. 


1:0 


Among the points lying off the mean, there seems to be a tendency 
for higher inducing flows to lead to higher pressure recovery fac- 
tor and vice versa 

For test series 1, 2, and 3 (configurations D and E), where the 
approximations to pressures in the mixing distance apply, the 
scatter is greater and the tendency for high and low inducing air 
quantities to give high and low recovery factor 
more marked 


respective lv, is 


The graphs show that, for a given pump configuration, choking 
r flow 


less constant value of diffuse 


the 


the 


tends to oecur 
ratio R, 
configurations, the main differences 
of R R 

tests where the restricting needle is included, so i divergent 
The e ot the parallel 
extension to the mixing section appears to have ver 
the inducing orifice 

Phis ce 
of Reynolds number only as the alteration in shape of 
wall 


at a more 


or 


The curves are very similar for different pump 


being in theoretical value 
increased lor 


that 


attainable at choking is consideral 


mixing section is formed or abst 


pre Ssernice 
little effect 


rhe discharge coefficient of ilso cal- 


Wis 


culated and is plotted in Fig. 9 efficient is not a function 


the nozzle 


leads to relatively high Iriction at sma Vhis 


graph is given only for design cal 


is 


13 Conclusions 
Phe 


ise in practice of the assumption that 


agreement between theor tifies the 


press factor 


a function of the theoretical flow ratio after issume- 


ing a suitable form of this relation, jet pump | may be 


blished 


over a wide range otf operat 


predicted by the foregoing theor Onee the 
for a particular pump, its performance 


be 


The basic assumptions of the theory, including the 


ing conditions may obtained with good 


ipplicability 
of 


the momentum equation assumed in section 3 are confirmed by 


the good correlation of points for test series 0 The correlation of 


points in the other three test series shows that the appre 


pproximations 


made in the general theory lead to useful estimates under prac- 


tical conditions 
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Fig. 9 Coefficient of discharge C; of inducing air nozzle against theoretical Reynolds number at throat 
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In practice, the pump efficiency is lower than that predicted by 
theory, firstly due to the inability of the pump to operate at the Poa 
maximum theoretical value of R, (which is the most efficient K p + R, 
“ 


K + R, 


condition) and secondly due to the pressure recovery factor at a (36) 
given R, value being lower than unity. The relative importance 
of these effects may be estimated by the efficiency formula in Since the same quantity of heat is required to raise the tem- 
section 6, according to which efficiency losses are additive. perature of the mixture at constant pressure as is required for the 

In general the test results obtained confirm the theory and in- _ jndividual gases, no loss of ene rgy being involved in subsequent 
dicate that it forms a sound basis for the design and analysis of mixing, it follows that 


jet pumps of this typ 
KC pce + RC pa K + 


Acknowledgments which, on division by (K + R,)Cp, and substitution of C, 


This paper is published b permission ofl mm South African / R. vields 
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experiments ind calculations, and Mr. F. Zulch, who pre pared the 


drawings and graphs appearing 


References 


1 T. W. van der Linger et Pu Design Theory, Based or 

Experiments With a Sn et Pumy ! rnal Report, South African 
Council for Scientific ar ndustr < rch, 1960 (ir \frikaans p H 
2 A.H. Shapiro ompre ble Fluid Flow,” vol. 1, The Ronald 
pany, New Yor p. 82 86 and lable B2 where H is the molecular weight of the gas, and, as RH 
H. Keenan and. ‘ Gas Tables Table 30, Johr a 
Inc New or \ 1948 iniversal gas constant 

\. Roux, “Investigat nto the Flow of Elastic Fluid 
1 Orifices ar ! ntraining Action of the Issuing 

i f Doctor of Science at the 


Witwatersrand, Johannes- 


Equation 37 ) therefore becomes 


sy 


q Oo al ighimna preading Characteris- Yb Ya 
pandi ror I 1 ZZ it Mach 1.91,"" NACA a : ) 
19056 fo Ff Va I 


mber 
and vod tigation of the Principles 
or ( ( teport of the Aeronautical Research 
1933-34 
Pumps,’’ VDI Forschung- : j Poa + R 
M 982, March-April, 1939 
An Investigation of the 
Employing Low-Pressur« 


I.Mech.E., vol. 162, 1950 


which. on substitution 36), reduces to 


‘ 


; ‘ 

and Fk. Lust o 

and Icxper : 

ASM I Equations (36) and (39 he density and specific heat ratio 
Theor of h > t-Are ol the mixed gases 


ito High l ‘ nd Tunnel Energy tation: The energy equation (6) now becomes 


APPENDIX 1 


Extension of General Theory to Case of Pump Operating With 
Two Different Gases 


The thee f section 4 in the test may be fairly easily ex 


to pumps operating th the induc ing and in 


duced streams by ca ilati the proper s of the mixture on substitution of equation [7 


, | ] “ oo or } 
ind sligl tly elaborating th pin | sing the previous relations 


(aus properties alter mixing e note that K and RF. are re equation in the form 


spective equal to M ul ily ’ the factor Ms. we 
may use Dalton’s Law‘ ‘ a ‘ prove that under 
standard conditions the two gases will h same volume in 


the mixed and unmixed cond 


and, as before, if 7'./7 1, then 7,/T, 


‘In a volume filled by a 


! gas exerts its ow! Equal volumes of different gases at the same pressure and tem- 
partial pressure independently of the others. perature contain the same number of molecules. 
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Solution: Reference to equation (4) for critical mass flow will 
indicate that the final equations for this case are modified by the 
Poa Pa Poa da 
Poc Poo Pp 


factors and as follows: 


| 
(K + R,) Yl — 
Pop 


Pa VT 

7 
dp ? 
K 1 Poa Pa V/ T/T ; 
R, Poc Yc P. 


Poc dc 


a K +R, A, | Poa a | Ta 


43) 


Che appropriate values of y should be used for the functions 
I and R at different points 


APPENDIX 2 
Modification of General Theory for incompressible Flow 


Basic Functions: 
the 


In this case, for isentropic flow we may derive 


pV? _ (= ) 
r ~ ie 


The critical condition of maximum mass flow 


relation 
(44 


occurs when 
0, so that the basic functions are 


iy ‘oP p 


WV ( 
I 
Vi, 


M, 


Phe 


tions: 


following significant relations exist between these func- 
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P. Ee $a VT 


Since P, = P,; 


1 — (1 — R2)P,/P, 


T, 


) 


P P, [. 
iT s n ] ’ 
‘pve Se (: 


and finally 
‘ he ton ON 
# A, \ Fe A 


Mixture Properties: Equation (36): If the volume of the mixture 


is the same as that of the unmixed fluids 
Pa K(pa/pc) + R, 
Po K 4 R, 


Mass equation (7): 


My 
My 


R { K 


so that 


K( p/p. 


K 


Momentum equation (26 tion is assumed 


Since P, P, and f1 
ind the 


to be absent between p moment equation be- 


P.. - . F 
P, R \ r ~ 


Solution The equations may ‘ mpressible 


ise, and the relations between functions substituted to yield the 


hit I 


lations 


io 
1, = 


Ve 
') 


These equations are considerably simplified if py, Pe 


Pa 

\ Pe 

A, 
l R 2 

\ 


and A 
1. as may be found by substitution 
p.V,2/P,) and R, are 


arguments used in the 


Pressure Efficiency: As 
of P,/P, only, the 
show that P,*/P, 


igain tunctions 


; 
compressible case to 


is a function of R, are again applicable 
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Accelerations and Mean Trajectories in 
s.inmay | Turbulent Channel Flow 


Professor of Civil (Hydraulic) Engineering, 
Israel Institute of Technology, 

Haifa, Israel; and Visiting Professor, 
Stanford University, Stanford, Calif. average mean accelerations and forces acting on fluid particles. These are computed 


from the flow equations and Laufer’s data. There exist both normal and axial mean 
accelerations, the latter highly negative (15g and more) in the dissipative ‘‘transitton’”’ 
layer near the wall, elsewhere constant. There most river bed-load and dune sand move 
ment occurs. Mixing and sediment transportation are explained dynamically. Mean 
shear is shown to exist mainly in the dissipative layer. Mean turbulent trajectories 


The author shows that even in steady uniform turbulent channel flow there exist on the 


are defined 


1 Introduction system. The results found some application in meteorology, not 

F in hydraulic engineering, where turbulence is inhomogeneous 

LOW OF WATER in conduits at the usual Reynolds and nonisotropic. So engineers prefer a phenomenological and 

numbers (Re) ts turbulent Any flow parameter B fluctuates semiempirical description based on heuristic concepts, such as 
rapidly and irregularly round its mean B, the fluctuation B' being Boussinesq’s eddy viscosity [4, 5], Prandtl’s momentum transfer 
B B B l ind mixing length hypothesis, ete. These theories were success- 
fully applied to the study of spatial distribution of the mean ve- 


locity in channel and pipe flow, and to mixing phenomena. No 


We observe mainly the mean flo 1, 5],' described by the mean 


parameters 

A simple example is steady uniform flow near the axis of a wide eat success is reported in curved flow or in sediment transporta- 
open rectangular channel of depth h and constant slope J. It is tion tecently Townsend [26] studied the turbulent shear flow 
mathematically equivalent to the lower half of a steady uniform In what follows the author uses Reynolds’ approach and 
flow in a two-dimensional channel between two smooth paralle! Laufer’s empirical data [17, 18] and, analyzing mean accelera- 
walls (mutual distance 2h) under a constant hydraulic gradient J tions, shows that some new insight in turbulent flow is thus ob- 
Laufer [17] has published detailed experimental data on such tained 


flows 


Our knowledge of turbulent flow is meager, as it requires 8 2 Reynolds’ Equations and Stresses 
statistical description. The first such study was done by Reynolds ‘ 
In a Cartesian orthogonal system of reference Oz yz, the com- 


ponents ol the vector of instantaneous velo ity are, u, v, win the 


h 
[22], and later developed by Taylor [25], Batchelor [3] in Eng- 


land; von Karman [14] in U. 8. A.; Obukhov [20], Kolmogoroff 
15} in USSR; Friedmann and Keller [8], Heisenberg [10 directions 2, y, 2; p = pressure; p = const. fluid density; v = 
in Germany, and many other They investigated isotropic and kinematic viscosity; Z = vertical elevation above a horizontal 
homogeneous turbulence, i.e., flow with parameters in- datum; P combined pressure and gravity functior 


variant under rotation, reflexion, ranslation of the co-ordinats 
Numbers in brackets designate References at end of paper 
Contributed by the Fluid Mechanics Subcommittee of the Hy At every instant by cont 
draulic Division and presented at he Gas Turbine Power & 
Hydraulic Conference, Houstor exas, March 6-9, 1960, of Tu 
AMERICAN Society oF MECHANICAL jINEERS 
Nore st atement ar i | ror il d ir pat rs ar t t 
Di vance 1 pape are to b 
t = Ss ta z resent ’ de ns te) lds 
snslemstens an tedtahtaal eunacsshtien af Gate samtuns endl enh: Gham he subscripts 2 ; representing partial d rivatic n Reynold 
of the Society Man it eiver at ASMI Headq iarters assumed that the Navier-Stokes « quations of motion of a viscous 


October 8, 1959. Paper No yd-3 fluid are valid in small even in turbulent flow 





Nomenclature 


coefficient p/p + aZ 
axial acceleratior fluid pressure 
transversal accelerat g htimax/V teynolds number 


normal acceleration time 
coefficient any flow rope \ axial velocity 
thickness of laminar sublay m axial velocity on axis dynamic viscosity 
rate of energy dissipatio (ghJ )'/2 shear velocity kinematic viscosity 
eddy viscosity 
thickness of first zon I transversal velocity ddy viscosi 
density 
thickness of third zon > normal velocity . 
: 3 : shear 
gravity acceleration xr Cartesian axial co-ordinats 

mean (in time 
half channel width Cartesian transversal co-ordinats fluctuation 


hydraulic gradient inne / vertical elevation al tun 
Zz ca vation above datum 0/O 


r,s Cartesian normal co-ordinate initial data 
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= du/dt = u, + (u®), + (uv), + (uw), 
mw =P, + Wigs + Uy + Uae) | 
dv/dt = v, + (uv), + (v?), + (vw), 
= —P, + rV% 
(w?), 


= —P, + vV%u 


+ (uu ), + (vw), + 


By averaging (4), each instantaneous linear parameter is replaced 
by its mean, and each quadratic parameter by two means: 


uw uw’ + (w)? + w"? (5) 


u'w'; w? = 


i'w’, w’?, and so forth, are central second moments, compon- 
ents of the symmetrical tensor of correlation of the velocity 
When multiplied by (—p), they are 


components of a symmetrical tensor of rank 2 with the di- 


fluctuations, of rank 2 


mensions of a stress. They are improperly called Reynolds’ 


or turbulent stress: pu'w’ is the turbulent ‘“‘shear’’ and 


lress 


—pw'? the turbulent “pressure.”’ A true instantaneous shear is, 


e.g., 
plu 


und the true mean shear 


MUU, Uu, —_- pu'w’ Ss 


kixcept in the vicinity of the wall, the Reynolds stresses are many 
thousands times larger than the mean stresses. 


3 Two-Dimensional Channel Flow 

Reynolds’ method is applied to steady uniform mean flow in a 
two-dimensional channel The origin O of the ¢ 
orthogonal system of reference is chosen on the channel bottom, 


Fig. | irtesian 


is in the direction of mean flow, y transversally, z normally to 


the bottom: 


derivatives vanish, because of the type of flow, except 


) become: 





o 
<« §o°'v 


a 
V 


= 
Oe 








02 05 
3 


24 
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@ }- ---=- 


~ 


Fig. 1 
z/h at Re 30800 
d/h = 0.003 end of boundary layer 


e:/h = 0.05 end of zone of negative a; 
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Distribution of velocities u/ un »x versus distance from wall 


(11.) 


(113) 


a; (w"*), 


Because of the nonslip condition at the solid boundary, we have 


everywhere: 
(12) 


v'w’ 0 and dis 0 


The remaining two equations (11,), ll; do not suffice to deter- 


mine completely the four unknown functions of z 


(13) 


; , eB 
ti, u'w’, w’?, P 


In order to overcome this difficulty Prandtl [21] developed the 
I 


concept of boundary layer. The turbulent flow is divided into 
two zones: 
(a) A thin layer next to the wall, called the lan 


where the fluctuations are small and the mean velocity gradient 


inar sublayer, 


is very high. Its thickness d (in nondimensional units 6) is esti- 


mated along smooth walls to be of the order 
6 , 3 to 13 


Uy is the shear velocity 


In this zone very nearly: 
ul 


For a water channel of / 100 ecm, . 0.001 
d 0.003 to 0.013 em. 
b) Most of the flow of 


Here at 


thickness 


1 distance z (in nondimensional! 


¢ zu,/v 
we have the semiempirical relationshiy 
In zu,/v + B 


with the exeeption of the channel axis 


5.5 ind 1 , 


17| gives B though 


better 


Between the two zones: 


and on t isis of the mean velocity 


— 





~ 
LO 
n 


0.6 0.8 
i 4 


o 





_Lesem asa eons eacee 
A 


° 
n 


a> 


Fig. 2 Distribution of correlations — uv w / vu,’ andw */u,* versus dis- 
tance from wall z/h at Re = 30800. Extrapolated data in interrupted 
lines. 
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exist a gradual unclearly d 1 turbulent transition. It will Comparison of (25) with (14) shows that this is the assumed 
be shown later that this is part wt and clearly ce ower) limit of the thickness of the laminar sublayer This 


fined third zone iminar sublayer may now be defined more precisely as the zone 
smooth channel of of vanishing axial accelerations, with a thickness 6 $ to 3.5.2 
12300 to 61600 
Phen iih ~ 0.003 ~ 0.02 em 
2 give é a « ( ither the 
nondimensional % 


correspol ding to 


6 
lds number 0800 7 


hannel widtl The thickness of the of negative axial accelerations is the 
in nondimensional geometrical mean between those of laminar sublayer and of 
Kinematic the total fl 
MAXIMUM sper 11 between 


lic gradient 


ocity (com 


4 Mean Accelerations 


gly enough equ I nd (11 show that the 


ind normal I com s 4 h mean icceleration 4u Vatt - , symmett it vanishes al 

do not vanish in steadv u = — flow This is duc ixis, so the va f iis) his means that t 
agrangian, hence the positive pé nin Fig. ofa equal to that of th 

us an observer a portion 


d and tortuous pat! there exists at each point a mean 


fixed point I ‘ verage throughout the channel cross sec- 
of the instantaneous a tiol is n is befits uniform flow This fact 


cessive iN rough estimate maximum negative acceleration 


positive portion ol Fig > | com] ited 


anis fre which is valid there, and from (23 


he 


show 
differentiati nul putation carried 


the method of differences, by par a pproximation, and 


i 


. ‘ he are f the n wrtior 3 rv roughly J - ad ; 
graphics method ‘ or i} ths ‘ - { based on drawing I i h px il ve ipgtii it. > 
issuming it to consist roughly of an ordinary parabolic triangular 
tangents 


] wh resultir . 


obtain an estimate M/g ~ 7.5 as against M/g ~ 14by numerical 
points ire show! ry ati i! rr t igi ( Oi ~ 


; : Lm amen ' : segment of base (« d) and height M. Equating the two, we 


i aa wr graphical computation. The order of magnitude is the sam« 
1 The ariai co poner } vo equations A similar inalysis ipplied to Laufer’s ita at Re 61600 gives 


L] from the @ ind x é \ k each other 1500 em/s - 55.3 cm/s 


Phroughout the turbulent z varies Vv wly and the vis- J 


183 cm/s hu,/v 2260 


cous term vii, may | vith respect to the constant hy- } 0.037 
r 


vy ~ 82 


draulice gradient accel I There very near ~ 20 


The higher the Reynolds number, the smaller the zone of ne gat 


When the wall is approached, but vet within the regular turbulent accelerations, and the higher the maximum 
. . t The normal « sc 4 t 1s 
sone with the lenasithenic law (18) otill valid, the visheus nenatie ») The normal component a; is computed by (11,) on the basis 
term increases rapidl ’ value ind th re very mn arly of the w XZ) curve lone At the wall ° 0 both w’? and 4 
w'?). vanish d,; vanishes aiso on the axis (z h) and at some 


T 2] intermediate point z e, such that: 
Ah ~ 0.155 
a, vanishes at the point 155 ~ 1.0 em 
{) Le ’ Closer to the wall 4, is positive, i.e., directed upward 

O.155h 

or in nondimensional units 155 
with a maximum approximately 

in our case a : : z/h ~ 0.05 


~ OO: ¢ ~ 0.05 ~ 0.32 em 24 7 At the wall u’w’ and a; = (u’w’ u’ We 


velocity fluctuations vanish there, By (il, 


Nearer to the wall d, becomes negative and at z/h ~ 0.0045 it le = —gJiv = ur? /hy 
‘caches > ¢ 8S Vi f —15 The alis re 4 aa : 

reaches the enormous value of log hen it falls rapidly to and a Taylor development in the laminar sublayer would start with 

the terms: @/ur = zur/v 2*ur/2hyv +... =f f2/2n +... 

The quadratic term is less than 1/800 of the linear term even at the 


end of the laminar sublayer (¢{ = 5 ~ 3), 


become vanishingly small at 
z/h ~ 0.003 3.5 
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- __020 025) Fig. 4 Distribution of normal mean accelerations 
a;/9 versus z/h at Re = 30800 
(G:/9) max ~ 2 at 2z/h ~ 0.05 
Fig. 3(a) a:/g = e;:/h ~ 0.155 
x ™~ 0.2 at z/h ~ 0.55 
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—“ 0.010 0.015 0.020 
i iL i 


’ a t 
LAMINAR a 
pon ne — ZONE OF NEGATIVE a, z/n 
Fig. 3(b) 


Fig. 3 Distribution of axial mean accelerations a,/g versus distance from wall z/h at Re = 30800 


0 
vt 
co] 
° 
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(—a:/9)inax ~ 15 at z/h ~ 0.045 
a/g =O at e/h—0.05 
(a:/9) asympt. = J = 0.134 
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Fig. 5 Spatial distribution of vectors of mean acceleration 


a/g at Re 
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(c) 


30800 z 
5(a) — scale 1 (a/g —> 25 cm 
5(b) & 5(c) — scale —> 1 cm 
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Further aw yward the bottom: 


with the 


61600 the data do no iffic vet it is clear from [17 


160 34) 


we see that the range between «& 

Re }O800 (« 60; € 183 

id h and Fig. 4 show that the 

than that of the negative 
Fig. 5 shows the dis 
tribution of the accelerat ector throughout the channel, with 

the vicinity of | 

This vector rotates rapidly in the turbulent zone: It is directed 
against the flow in the zone of gative accelerations, upward at 
2 é;, in the direction of flow at z é;, turns another 35 deg 


toward the wall at about half depth, then resumes the flow direc- 


celeration in the zone of ne 


tion on the axis (2 } rhe absolute value of the rotating ac- 


gative accelerations is much higher 
than warranted Dy the axial ¢ omponents alone 


5. Interpretation and Applications 


What is the meaning of these mean accelerations? When 
multiplied by the mass of a fluid particle, they give the mean ex- 
ternal force acting on these party les 

The flow has then to be subdivided into three essentially dif- 
ferent zones: 

a) Zone I uminar sublayer of thickness d such that 6 = du,/pv 

3 to 3.5. There are practically no external forces acting on the 
particle. Assuming that a small solid particle of similar density 
is subjectec to the same lorces, such a particle clay or silt 
size) will not be acted upon by forces. This is confirmed by ob- 
servation 

b) Zone I1—negative accelerations of thickness e, ~ (dh 
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In it each particle is subjected to a retarding force against the 
flow, to a lifting force, and to a couple tending to rotate it forward 
In the 


em, which is the order of magnitude of the zone of most intensive 


water channel assumed in Section 3(a) we have e, ~ 0.5 
bed load transportation by rotation [27 

In atmospheric phenomena, assuming a wind [19] of 
300m li 


14) and (23 


10m/see; wu, O.2m/sec; vp ~ 0.15 em?/se 


d ~ 0.02 em: ~ 25 em. 


Chis is the 


transportation {1 


order of magnitude of the zone of saltation in dune 
and seat of most microclimate phenomena 
\ curious implication results for particles of a size slightly 
rger than the thickness d of the sublaminar layer: Such particles 
ire found in the most abrupt part of the negative @, curve [Fig 
(b ind the couple tends to rotate them backward | 
xperiment il data may test out this conclusion 
The existence of a zone of high turbulence near the 

een confirmed by Schubauer [24 

Zone Ill 
This is the zone of suspended load In it each particle is sub 
ected to 


positive accelerations ot thickness / 


i constant foree in the direction of flow, which may ex- 


faster than the surround- 


piain the observed fact that floats move 


id It is acted upon also by a lift force in the lower half 


ind by 


explain the intensity of 


i foree directed downw ird in the upper h ilf, which 


turbulent vertical mixing \ 


ouple acts only if the particle is asymmetrical, which may ex- 
plain why such particles rotate little {7 
This zone may be said to consist of 


two subzones, the Ipiitt 


one and the downpush zone. This is borne out by the examina- 


ion of Boussine sq s eddy viscosity v’ defined by: 


vi (h — p(y 


ipproximately IS 


holds in zones IT and III 
n/A - z/I 36 


rhis expression is maximum at z/h = 0.5, as is the case with the 
vertical @ Fig } 
1) Ro iah walls and roual flou 


tained in the 


All the following results ob- 
turbulent zones II and ITI on the basis of Laufer’s 
data for smooth flow, hold also for rough walls and rough flow 
is that is still valid 
value of A [23, 27] though with a different value of B 


equation (18 with the same 


Zone I 


oses its physical meaning, as it is disrupted by roughnesses, which 


Che reason 


invade part of zone IT 


e) Relationship to Reynolds’ stresses In channel flow the 


mean body forees pd, and pd, are related to the 
f f 


by the 


tey nolds 
formulas 


—_ —pu Ww), 


— pu ‘2 3 


which are somewhat similar to the formula relating gravity forces 
to hydrostatic pressure: 


pg =. 38 


For curved flow equations (37) are No direct rela- 
tionship can then be found between the mean body forces and the 
Reynolds 


f) Energy dissipation 


not valid 


stresses 
From the standpoint of mean shear 
forces 7 and energy dissipation rate E, the flow may be divided 
into two portions: A lower portion with high 7 and E, which 
and Il; and 


small 7 and E, consisting of zone ITI 


966 


consists of zones I an upper portion with very 


This is confirmed by [2, 24, 


DECEMBER 1960 


28]. Landau and Lifshitz call the upper portion “potential flow,” 
as the shearless fluid behaves like an ideal fluid [16 


ibly 


though prob- 
would be a better name 

The true trajectories of fluid particle s 
in turbulent flow are very complicated and disorderly, yet they 


“rotational flow”’ 


qd Vean trajectories 


ire not completely random. As 4"? # »’? # w’? and vary with z, 


the correlation tensor is neither isotropic nor homogeneous It 
has been found that the distribution of v« 
, but skewed 


Yet the concept of mean 


locities is not normal 


(raussian Townsend [26 


wcelerations devel here enables 


is to define a certain “mean trajecto 


titious particle that has acceleration 
az), as defined by (11 


ind Figs. 3 and 
trajectories, tor they do not ob the co 


Lagrange form), nor do they represent 


streaks formed by injecting continuo 


is blobs or clo ids Yet the 


defined 


spre id out 


given turbulent flow and well 
ind initial velocity 


Its differential equations are 


Chis explains rapid transversal mixit 
tion 41) gives: 


2d*z/dt? d\(dz 


ind by integration the vertical 


dl 


As at the wall w”? 0, and it seems 


0, the most probable initial « 


Integrating again 


\s the integrand varies little wit 


practically a linear function of 


observation of smoke plumes in air 
Introducing (44) in (39 
d?z/dz? 
By numerical integration one obtains the 


shown in I ig. bla for different initial (o1 


Trajectory a: 2/h O.1; 
0.1; 
0.003 


0.008 ; 


Trajec tor\ 

Trajectory ( 
Trajectory d 
Fig 6(b) shows the portions ol trajectones c, d at the walls, 
computed by Geffen in her MSe thesis [9 For convenience, c’, 
d’ represent the neighborhood of the wall (2/h 2). Except at 
the wall, the lines are almost straight lines, as borne out by obser- 
It is only in the near vicinity of the 


vations [6] wall that the 


lines curve out strongly It is noteworthy that trajectory d 


moves against the flow to a distance exceeding 3/ This implies 


some turbulent mixing upstream of an injection point. 
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Fig.6 Turbulent mean trajectories at different initial conditions 


Phe individual trajectori« f fluid particl very compli- 


ited, in a way like t kinetic theorv of 


gases. It is in general imp« rhe follow each trajectory be 


suse of the 


inertia of the recording instruments or their inter- 


ference with the flow ders the individual trajector 
inobservable 
The flow 


randomness is not compk le 


and requi statist ipproach 


parameters are 1 or stochastic variables. The 


» the guiding action of, and ad- 


solid bound ind to the 


Navier-Stok 
It is possible to cons 


herence to, the 


tinuity and the 


restrictions by con- 
lations ol motion 

iid particle at a given point 
29) and instant (¢ 1 random velocity (a, v, u 


with a certain probabil ty ition \ pl iusible assumption 


19 
—-V28 kh, kz, : : 50 


417) means that a fluctuation positive or negative) 1s superim- 


posed on the mean axial velocity a; (48), (49) represent mere 


fluctuations in the y, z directions. Here k,, ke, k; are random 
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variables obeying an unknown probability distribution (e.g., a 
The coefficient ~/2 may be justified considering 
U,, sin ft, U2 = U,,?/2, U,, = V 2U?.) 


uniform one 


a harmonic oscillation [ ai 
Zo, Yo, Zo) will be 
+ woAt; y Yo 


This end point may be anywhere in a 


This means that a fluid particle situated at (t, 
situated after a time Af at (¢ to + At; x, = 2% 
+ Al; z Zo + woAl 
certain portion of space, which introduces an indeterminacy. 
One might consider the injection of a radioactive tracer and study 
its consequent distribution throughout the flow. 

After the time At the fluid is situated at (4, 71, 4, 21 


cannot follow 


As we 
it loses there its identity, and one 
+ ki V 2u%(2;), ete 
e.g., A. Blane-Lapierre and 
Masson et Cie, 


it individually 


has to start again with @ iil 2; This is 
some kind of a Markoff process (se« 
R. Fortet, 


Paris, France, 1953 


Théorie des Fonctions Aléatoires,’”’ 
The mean trajectories introduced in our 
These are 


perticles of similar mass if they could maintain their individuality 


paper are not true 


trajectories but an ide alization the trajectories of 


throughout their life. As they meander in an orderly fashion they 
may serve to describe the turbulent channel flow 

h) Circular pipe flow. Qualitatively similar results are ob- 
tained in cire 


Briefly 


comprises two distinct types of flow: 


ular pipes 

we might say that any turbulent channel or pipe flow 
Dissipative zones near the wall with high shear values and dissi- 
pation rates. The mean accelerations and forces acting on fluid 
particles vanish in the laminar sublayer, but increase steeply, 
layer, and 
Mixing 


very 


reaching 15g and more in the so-called “‘transition’ 


are directed upstream und somewhat tow urd the axis. 
ind sediment tr insportation by rolling and saltation are 
strong 

turbulent flow, 


me throughout most ol the 


irs and dissip ition rates It behaves almost 
ional flow. The 


y, their axial components directed downstream 


mean accelerations and 
lorces vary 
ind equal to those of body falling along a slope equal to the 
idient S rhe normal compone nts are directed toward 


ard the 


energy gi 


the axis near th ind tow walls in most of the turbu- 


lent core 
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ucture of Flow 


“Dynamics of 


DISCUSSION 
J. W. Delleur® 


Che author is to be congratulated for a lucid analysis of tur- 


bulent flow in open channels. The writer wishes to comment on 
an attempt to observe the turbulent mean trajectories which led 
to some conclusions on secondary flows In open channels 

Che general layout of the laboratory equipment used is shown 


in Fig. 7. The horizontal smooth brass open channel is 15 ft 


r in. long and 13!'/;, in. wide. It is part of a closed circuit 
formed by the reservoir, the pump, the constant head tank, the 
entrance section which precedes the channel, the exit channel with 
ind the volumetric tank. 


tion included a metal deflecting plate, a 3'/:-in. gravel baffle, 


its measuring weir The entrance sec- 


und two 15-mesh copper wire screens. The transition between the 


entrance section and the channel consisted of quarter ellipses 


with semiaxes of 12 and 7 in. for the walls and 15 and 9 in. for 
the bottom A camera mounted on a carriage moving along the 


channel made it possible to take movies of the particles in the 


\ wire grid suspended from the carriage and kept as close 


possible to the free surface provided a traveling frame of 


erence This made it possible to measure from the photo- 
the displacement of ‘the particles with respect to the 
ling frame of reference between consecutive film exposures 
frame of could be measured from 


osition of the reference 


iry marks located 6 inches apart along the flume wall 

trajectories were investigated by means of 
Phree 
icid tablets, and 


fin oil 


irbulent mean 


partic les types of parti les were used: paper 


i mixture of carbon tetrachloride and 


Small pieces of paper of triangular, square, and semi 


lar sh Lpes floated on the free surface and were used to show 


pattern at the Small benzoic acid tablets were 


ring, School of Civil Fn- 
Assoc. Mem. ASMI 


$68 
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used to visualize the flow pattern close to the bottom. These 
tablets are white and show well on the photographs; their specific 
gravity is slightly above one so that they remain close to the bot- 
tom without dragging along it hey are about half the size of 
an aspirin tablet. Both the paper particles or the benzoic acid 
tablets were dropped simultaneously into the fluid from a ruler 
A colored mixtur 
of paraffin oil and carbon tetrachloride with specific gravity of 1.0 


placed across the flume at the upstream end 
provided a means for injecting immissible drops. They were in- 
troduced in the fluid by means of a hypodermic pitot tube. They 
were intended to visualize the flow pattern at intermediate depths 
but it was found that 


they were extremely difficult to use be- 


cause of the large change of density with very small change in 
temperature. 

The particles were introduced at the upstream end ol the chan- 
nel and their paths were photographed with the movie camera 
equal to the 


is shown In 


moving along the channel ata speed approxim 
average flow velocity A total of 28 tests were rur 
Table ] 


lhe film strips were then observed in a microfilm 


\ typical photograph is shown in Fig. 8 

viewer, and 
the positions of a few particles were observed every five or ten 
then 


cor- 


frames depending on the camera speed. The positions were 


plotted to obtain the trajectories shown in Fig. 9, which 


respond to flow visualizations at the free surfac it the bot- 


tom respective ly The general flow pattern me bottom of 


the channel is seen to be from the center itward and 


Chese 
are probably accompanied by a downw ird flow the 


toward the center line near the free surfa currents 


center and 


un upward draft along the sides, forming a secondary flow con 


sisting of two spirals, 


For the first 16 test runs the depth to width ratios were 


ind the flow may b« 
This fact 
the ge neral Re vnolds equations of motion he Re 


approximately ! und ! imed to be ap- 


proximately two-dimensional will be used to simplify 
ynolds equa 


tion in the transversal direction is: 


Pr. vv 


Table 1 Traced particles experiments 


Depth of flow 
at entrance 
Particle ft 
Paper 0 


Camera 
frames 
per ser 
218 24 
218 24 
Oil 218 24 
Oil 218 24 
Benzoic 218 24 
Lycopodium 218 24 
Aluminum turnings 218 24 
Paper 118 24 
Benzoic 118 24 
Oil 118 24 
Paper 218 24 
Jenzou 218 24 
Oil 218 24 
Paper 218 64 
Benzoic 218 64 
Oil 64 
Paper 3u 24 
sJenzoie } 24 
On] 3! 64 
Paper out 64 
senzou ; 64 
Aluminum turnings 3 24 
Paper > 24 
Jenzoic > 24 
Oil 24 
senzoic ; 64 
Paper 3 64 
Oil } 24 


tun no 
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Fig. 8 


\ means of the following 


a) The flow is steady 
so that the convective 
the laminar shear ( 


onsider nex 


corresponding tur- show that it ul 


the 


dimensiona 


imension 


W these issumptions ot same « magnitude 


stress 
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ire 


two 


IM 








—— eres ee oe ae 


negligibl ompared to thos in the and z-directions However, t the center line upward ilong the sick 


irgument that the derivatives with respect center line 


ising Prandtl’s [21 
tox and y are negligible compared tothe derivatives with respect to This theoretical confirmation of the 
it follows that taking a derivative with respect to z increases study of the over-all spiral flow patter: 
the order of magnitude of the term, and hence the term p\v'u three-dimensional flow consisted of 

ngular velocity, and the tangential 


1 With these issumptions 52) reduces to: 


hould be retained 
) 


lhis situation was analyzed by the uf 
drical co-ordinates By means Ol simpil 
to those used in the foregoing, and a more 
1 the y-direction to give tion of the turbulent field it was 
motion and the turbulence of the flow 


| xperiments prove the existence ot s 
xhibit the t I ent mean trajec- 
the ondat I ion and the 


is associated 


dy = 
, -= ] 
rectangular open channels and « 


pressure is constant in the horizontal direction tories. The analvsis shows that 
seen that (v’ turbulent stresses are related and hence 


© Laufer’s experiments it may be 
flow 


1.75 throughout most of the boundary laver Hence vith the mechanism of the secondar 


wantite: $4. Kline’ 


ther words, the turbulent shear stress in the y-direction is not = ' 
Professor Irmay’s calculations of the lor 


! 
- . rccelerations 
erywhere zero. Townsend [26] (p. 259) arrived at a similar Fy 
: ; show very clearly the large magnitude of the so-called 
onclusion for a finite plate in a wind tunnel. In that cas —- é 
teynolds’ stresses hese effects arise from the fact that on the 
average higher speed particles are being rated near the 


Jo wall, and slow sper d particle s accelerated 
The strong deceleration appears to oce ! 
usually called the buffer layer in the Engli iter ] This is 


yuuter flow. 

If it is assumed, with Townsend, that this shear stress varies in what is 
inearly from 0 at the center line to a maximum at the edge of the 
it would produce a secondary flow in the 


bottom, this stress gradi 
it has been 


the center line outward as 


4J. W. Delleur and D. 8S. McManus ondary Flow in Straight 
ter! nference on Fluid 


p : Open Channels,’ Proceedings Sixth Midv 

This flow would require a com- tbe a er : 
Mechanics, University of Texas Septem 

Associate Professor, Mechanical Engineerir 


Calif. Mem. ASME 


boundary layer from 
hown experimentally to exist 
pensating flow from outside the boundary layer along the center 

his finally results in a double spiral, with flow downward 


! i University, 


hire 
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in definite agreement with the model proposed by the writer and ” In the transition from the sublaminar er to the turbu 
Mr. P. W. Runstadler before the Society in 1958.' lent zone, the acceleration is very larg his indicates hig! 
Unfortunately, John Laufer’s results which form the empiri il curvature of the individual trajectories passing t here In spite of 
basis for Professor Irma itions do not extend: close the very high value of the negative longitudinal component it 1s 
enough to the wall to illumins t} { 


ppens in the so-called not a deceleration, for the individual trajectories are spatiall 


! 
laminar sublayer which ts th connes visted curves, and not straight lines. The tation 
tion with the unstable mode 0 consider them as average 
Professor Irma remarks that the as tions becon ticles passing at 


ingly small in this regior t vot tl isuial mo stud I 


irbuient 
this is cyl stionable 
nm an justification 


remark, 


A. A. Townsend \ cone 


theretore 


I have read Professor Irn 


with him that the consider 


rather lik¢ 


i nove ind informative appr 


lent flow In pipes ane 


yOSstlitres or the 


| 


Vill 
the walls 
the cone! 


! 
it 
velo! 


the subscript 
has been erroneous] 


text betore torn 


Also 


If w 


neighbor 
hood of the 


C, D, E are functions of ’ 
The acceleration components are theretore v inishingly small ir 
the vicinity of the wall 
6S. J. Kline and P. W. Runstadler So 
Visual Studies of the Wall Layers 
Journal of Applied Mechanics, v« 
81, 1959 p. 166 
Emmanuel College, Cambridg 


e Preliminary Results of 
f the Turbulent Boundary Layer 
1. 26. Trans. ASME. Series |] vol 


Fig. 10 


Journal of Basic Engineering DECEMBER 1960 / 9] 





data published by A. I. Lossiyevski in 1934 There is no doubt 
that the spirals are somehow related to turbulence, though A 
Kinstein (Construction and Industry, Jan./Feb., 1927, Tel-Aviv 
believes that the Coriolis acceleration due to the rotation of the 
earth is the main cause of the spiralling motion. The author’s 
mean trajectories cannot be observed, as they are mathematical 
fictions, though they are characteristic for a given turbulent 
flow 

7 The author would be interested to know how equation (54 
has been reached, as A (of the author’s paper) represents half of 
the channel width in the direction of the Oz-axis, whereas the in- 


tegration in (54) is with respect to y 
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8 The author would like to stress another important conclu- 


sion, though mentioned in section 2 and 5(f) of the original paper 


The diagram of the mean shear stress 7 is not a straight line as is 
usually believed on the basis of the erroneous assumption that 
there are no mean accelerations. The true mean shear is given by 
7) which reduces in the case of two-dimensional channel flow to 
T = piti,. 
for the near vicinity of the wall, the shear is very 


Except 
small: It is 10 
0.027: 


The diagram of 7 versus z is shown in Fig. 10 


per cent of its maximum value at the wall at 5 per 
cent at 2/A 0.045; 2 per cent at } 1 per cent at 
h 0.25, vet it is surprising how far fron wall the effect of 


viscosity extends 
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Supersonic Diffuser for 
Radial and Mixed Flow Compressors 


Presentation is made for the design concepts of a novel diffuser that handles supersoni 
flow at the exit of radial and mixed flou The guide vanes incorporating a 
V shape at the inlet are shown to offer potentialities of a shock free deceleration of the 
Optimum diffusi Fal d fi The results 
d The ex 

conceptual thinking, with 
f 1.3 Effect of 


vanes are pre- 


compressors. 


supersonic flow sf yw 1s considered 
are applied to the design of two sets vanes for the diffusing system 
ms the original 


let 


a » the ouside 
number on the gutde 


perime ntal evaluation of these guide 


st diffuser performance of 0.7 in Mach number « 


J } Pi j lease ] l } 7 snl 
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shock occurs so long as the radial component of the Mach number a) To provide a liberal region of free vortex diffusion to ear 
is less than 1.0 [1]. The Mach lines corresponding to such a flow downstream subsonic disturbance to any point in the supersoni 
encompass the upstream and downstream flow pattern, the limit- flow region. 

ing line being imaginary circles (Fig. 2). When the radial com- b) To associate with this flow region 
ponent of the Mach number is supersonic, the extended Mach previously discussed 


ines slanted as 


lines cover only the upstream region of the flow. The physical : , : 
I : & - I On this basis a \ shape is introduced in the design of the guide 

interpretation of these considerations is that, for a subsonic 
vanes. Obviously, this design concept cannot stand in the case of 

radial Mach number component, any disturbance downstream 
; flow with supersonic radial ¢ omponent, for upstream propagation 

can be transmitted upstream, allowing the flow to adjust itself " 
. of subsonic disturbance is not possibl 


Optimum Diffusion of a High-Speed Flow The problem of ef- 
ficiently recovering the kinetic energy of a high speed flow is often 


to avoid any discontinuity Such a situation is not possible 
in Fig. 2(b); a ecireular shock occurs by reason of symmetry 


us, whe the supersonic flow on surface OG (Fig. 3 s sub- : 
Phus, hen tl ipe! nic f n irta Fig has a A made difficult because of the requirements at the exit of the diffu 
sonic radial Mach number component, disturbance from any point i 
: sion systems In gas turbine combustors for instance, a low 
downstream is transmitted upstream, particularly from point 3 , 
5 z Mach number is desirable: swirls are not tolerated. Since the 

vhere deceleration has been ¢ irried far enough so that the flow is 
ibsonu he problems involved in this paper deal with the 


inlet Mach number is inherently high in high-speed flow com 


pressors ind since the exit Mach number is fixed at the desired 
supersonic flow having a subsonic radial component ae : , 
evel, it is common that these diffusing syste ire required to 
Consider surface b-b, Fig. 3(a), which does not present an 1 
; handle a considerable diffusion ratio betwee niet and exit 
eature of symmetry as does surface OG rhe supersonic flow om ; 
: , Che proble m arises as to the existence of ar ptimum diffusion 
meets the leading edge of the guide vanes at point S The ex- 
ratio handled in any set of guide vanes conventionally designed 
tended Mach cone has traces in the meridional plane is shown , . : 
s to vield the maximum recovery of the kinet 
Downstream of point 8, at a subsonic flow such as point 4, any 
; ; Since the flow in the channel of the diffus ride vane ts often 
disturbance is propagated upstream to point via points 3 and 2 : . 
“43 St: ; , wcompanied by detrimental crossflow t is thought that 
A shock tree region at S is thought to be possible because of this 1 . 
the ideal performance of such a channel would be that of conical 
erv adjustment of the flow : 
diffuser which presents a symmetrica 0 patt On this 
If the Mach number at S is relatively high such that the traces _ d , 
basis,“arr upper limit to the diffusion ratio would be obtained if 
the exte nded NN h cone ire shown in Fig 3b propag ition ol , 
study is to be made using conical diffuse ¢ opumum value 
inv downstream subsonic disturbance such as point 4 to any up- 
would be the one at which separation take ila The problem 
stream point such as point | is not possible Fig. 3b) 
: : of optimum diffusion ratio in the chant 
It ippears that, to avoid any possibility of shock formation on 
fuser is transferred to that of the velocit 
the leading edges, these edges are to be slanted from the farthest 
tion is imminent in a conical diffuser 
ipstream point to be within all the Mach cones. Still, the danger 
lo arrive at a solution, growth of the comy sible turbulent 
of a head shock is imminent at the farthest upstream point of the , 
boundary layer in these diffusers is cal ted with a method 
specially developed for the purpos i maximum de 


wedge. Due to the existence of the neighboring free vortex field 
plane OG, Fig. 3(a@)] it is thought that the intensity of thes 


eleration obtained from various boundar iver characteristics 

shocks y be attenuates 

_ : = at the inlet to these conical diffusers are shown o1 Fig } For 
rhus, in using guide vanes to diffuse the supersonic flow with a 

reasonably good velocity profile entering the guide vanes, an 

subsonic radial component, the conceptual design is . , . 

estimate places the momentum thickness (4/) inal the shape 


—Velocity Vector parameter Hi, in the following range: 
\ 


Extended \ M>| 6/D 0.01 0.08 
Mach Lines _-Radial Component . 
A —~ Mach Number H, 1.33 1.40 


Jpper Boundary 
M=! 35 





Downstream 4° Upstream _— 


Limiting 
Circle ‘ 
(a) Free Vortex Flow With Radial Component of 
Mach Number Less Than |. Possibility of . 
Disturbance Propagation From Downstream ta antes 
To Upstream ea 


Upstream 








(a) Possible Adjustment of the Flow 
v Velocity Vector Between Points | and 4 
M>! No Discontinuity or Shock 
_ Radial Component 
_~ of Mach Number Upper Boundary 
Extended > M=5 
Moch Lines ; Circular 


Shock 





Extended 
Mach Cone 
7 
’ 


(b) Free Vortex Flow With Radial Component of 
Mach Number Larger Than |. No Means For 
Disturbance To Propagate From Downstream ~ise.7 
To Upstream Producing Discontinuity or Me Poncintitty Ter Frew Aapsotment 
Circular Shock 








Fig. 3 A shock-free deceleration of guide vanes operating in oa super- 
Fig. 2 Diffusion in a supersonic free vortex sonic flow 
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Fig. 4, then, shows that the optimum value of the velocity ratio 


is of the order of 2:1. With unfavorable velocity profiles gen- 
erally associated with low performance impellers (larger values 
ol 6, D); and H, 
formance in diffusers designed on a conventional basis 
The 


sented previously on the shock free deceleration of a supersonic 


it is hopeless to achieve any decent per- 


Design of the Supersonic Diffusing System. concepts pre- 


flow using guide vanes with slanted leading edges and the limiting 
deceleration of the flow entering a set of guide vanes are now ap- 
plied to the design of the supersonic diffusing system of the com- 
pressor of an experimental gas turbine 


Uniform conditions at the inlet to the diffuser are 


Mach number M L132 Flow angle 8 64.7 deg 


A maximum performance is desired 


Preliminary investigations, made on the basis of one-dimen- 


sional cal ulations ledl to the following components Fig ] 


1 A semivaneless space in the extended guide 


with a V-sh ape 


orporating 
vanes 

2 A set of guide vanes Che incident flow on the surface of 
Point L 
rhe diffusion of the 
order of 1.85: 1 

XJ An 
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it a subsonic level 
the guide is of the 
iting exit M ich number of 0 $7. 
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Fig. 4 Influence of the inlet boundary-layer conditions on optimum 
diffusion ratio 


COMPRESSIBLE FREE VORTEX 


y, degrees 


70 


bend design is adopted to decrease the over-all diameter of the 
compressor 

4 A set of 
diffusing stage, bringing the flow to a lower Mach number level 


“deswirl vanes’’ which represent an additional 
and reducing all the exit swirls 


Based on empirical loss data, the diffuser efficiency 7, is 


estimated to be 72.1 per cent, where 7, is defined as: 


Calculation of the semivaneless space was made on the basis of 
a radially symmetrical flow using the numerical integration of 
teference [5], which takes into account the viscous effect, the 
divergence of the meridional shape, the clogging of the flow area 
due to the blade thickness, and nonuniformity in velocity profiles 
A major assumption in this application is that the contribution of 
the flow In other 

blades 
show the variation of the flow angle along 
OG 


the vanes to change momentum is small 


words, there is a small loading on these parts of the 


The results (Fig. 5 
the 
poses, the flow angle of a pure two-dimensional free vortex is also 
presented The 
of the diffusing system 
Mach number of 0.917 

Design of the guide vanes was based on a quasi-three dimen- 


radius, on the mean surface For comparative pur 


mean flow, located on the surface of symmetry 


enters the guide vanes at a selected 


sional calculation. For simplicity in manufacturing, constant 
thickness In addition, the blades are 
normal to the surface of symmetry defined by the generatrix OG 
Thus, the blade is completely defined by the blade 


angle 8 on the surface of symmetry OG 


blades are used to be 
Fig. 1 
For practi al reasons, 
intuition of the the design problem is 


aiming at the designer 


transformed into an analysis one 
Manu- 


From this 


A meridional shape of the guide vanes is selected. 


lacturing considerations gene rally dictate this choice 


shape and the experimental values accounting for nonuniformity 


in velocity profiles and viscous effect, the one-dimensional ve- 


locity along the diffuser passage can be determined for a series of 
blade angle § distribution. This velocity distribution is then 
that of the 


sional cascade located on the surface of symm«e try OG 


assumed to be mean of the channel in a two-dimen- 


Channel 
theory 


App ndix) is then applied to determine the blade load- 


ing for this cascade rhe distribution that gives a satisfactory 


blade loading is selected 
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FLOW IN SEMI VANELESS 
SPACE INCLUDING FRICTION 
BLADE THICKNESS EFFECT 


Leading Edge of Blade 
in Semi Vaneless Space 


End of impelier 
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Fig. 5 Flow and blade angle in semivaneless space 
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V = local velocity 


a, = inlet stagnation velocity of sound 
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Fig. 6 Velocity distribution along the blade section of guide vanes 
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Fig. 7 Diffuser test rig 


Design calculations were carried out for two sets of blades (Fig. beginning portion of the tongue and that of 


6 One set has 41 blades characterized by a small diffusion from the deviation Bbiade — Brow is Maintained the s 

inlet to throat passage. The other set has 29 blades; this latter tongue, with a resulting design shown on Fig. 5. 

is considered to be an improvement over the 41-blade set, be- 

cause of a higher diffusion at the inlet. In designing the 41-blade : : i i 

ind, ailudiik Sissy: tile hex tg Sea eaeninas Hi eee Performance of the Diffusing System on a Stationary Test Rig 

approach was taken in the 29-blade set, allowing a small local Experimental Test Rig. A test rig was set up to determine the pet 

supersonic flow at the inlet formance of the diffusing system as designed Fig. 7 shows a 
Design of the tongue or extended parts of the blade was made drawing of the rig. Air flows through the nozzles designed to 

from consideration of the incidence at the guide vane inlet. The give the proper fiow angle at the inlet to the diffuser Phe inlet 

iuthors believe that a negative incidence is beneficial to the pressure and temperature were controlled so that the Reynolds 

liffusing system. A negative incidence of —2 deg is shown on number in the diffuser passage is the same as that in the final 

Fig. 5 for the beginning portion of the tongue. compressor. Static pressure taps are located on both sides of the 
l'o give a small loading to the tongue, its blade angle is sup- nozzle, along a mean streamline of the nozzle passag Total 

po ed to differ little from the flow angle given by the vaneless pressure probes are located at the nozzle inlet 

space calculation. To avoid any sharp transition between the Determination of the inlet conditions to the diffuser is based on 
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Fig. 8 Performance of supersonic diffusing system on stationary test 


Fig. 9 Guide vanes 


the static pressure readings, the total pressure at the nozzle inlet, 
and an assumed nozzle loss coefficient 

Experimental Results. 
equation (1). 


The efficiency of the diffuser is defined by 
The values obtained for the two calculated sets of 
blades which use the same deswirl vanes are shown in Fig. 8. 

41-blade set. The results 
indicate that the desired performance of 0.721 at M = 1.132 is 
closely reached. 


The first test was made with the 
In addition, at higher Mach numbers it shows 
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Fig. 10 Deswirl vanes 


better performance, which tends to confirm the design philosophy 
toward a higher blade loading applied to the 29-blade set. These 
preliminary results were so encouraging as to call for the im- 
mediate fabrication and evaluation of the 29-blade set. Fig. 8 
indicates that the smaller number of blades shows considerable 
improvement in performance as anticipated. The highest ef- 
ficiency is reached at: 
M 1.30 Np = 0.792 

Fig. 9 shows these vanes, and traces of dirt deposited during the 
evaluation program. No accumulation due to secondary flow 
losses and shock wave formation is seen. Fig. 10 presents the 
deswirl vanes used during the experimental program. 

In an attempt to increase the blade loading, the vanes of the 
29-blade set were moved forward, to a point where the incident 
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Mach number would be 1.0. The free space in the V shape is re- 
Performance of the modified diffuser (Fig. 8) indicates 
some deterioration 


duced 
In addition, instability was noticed during 
the runs 


The Diffusing System in an Experimental Compressor 


The experimental compressor |6| of which this diffusing system 


is a component was designed to give a pressure ratio of 5.2:1 
operating with a supersonic relative Mach number of 1.24 at the 
shroud of the inducer inlet 

lest of the first prototype has produced the compressor map 
shown on Fig. 11 Due to cancellation of the experimental pro- 
gram, no data were available for the design speed; no instrumen- 
tation program was instituted to determine the performance of the 
components of the compressor 

At 90 per cent design speed, the Mach number entering the 
diffusing system is slightly above 1. If the diffuser performs 
with the impeller in the same way as in stationary test, from the 
compressor efficiency of 0.75 (90 per cent speed line, Fig. 11) cal 
culation indicates an impeller efficiency of the order of 0.86, the 
As this 


data on 


inducer shroud relative Mach number being above 1.1 


impeller performance is an upper limit of present 


supersonic centrifugal compressors {7 | the conclusion is made 
that for this particular case the diffusing system yields practically 


the same results in both the stationary and compressor test 


Conclusion 


Design of the diffusing system that incorporates a set of 29 
guide vanes with a V-shape at the inlet was considered as having 
met the objectives of handling the supersonic flow at the exit of 
entrifugal impeller. 


1 Under stationary test, an efficiency of 79 per cent was 


achieved for the diffusing system operating with an inlet Mach 
number of 1.3 behind stationary nozzles 
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2 A centrifugal compressor made up by a supersonic impeller 


and the diffusing system under study was shown to operate at 4.3 
pressure ratio with an efficiency of 75 per cent. 


Further fundamental work has to be carried out to offer an 
explanation for this performance. Schlieren study will help in 
clarifying the existence of weak oblique shocks as some would 
think. Other studies have to be made to establish the effects of 
the vortexes generated along the edges of the V, on supersonic 
flow diffusion, and also the contribution of these edges to break- 
off the wakes of the flow at the impeller exit to allow a more uni- 
forni entering profile of supersonic flow, known to be advanta- 
geous [8]. 

Contributing to the team that designed high-speed radial and 
mixed flow compressors at AiResearch, from which this novel 
diffuser was evolved, were Dr. E. M. Knoernschild’ and Dr. H. P 
Kichenberger.4. The accurate experimental evaluation was the 
valuable work of Mr. A. C. Ackerman.® 
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APPENDIX 


Calculation of the Velocity Distribution Along the Blade 
Surface at the Mean Section of the Guide Vanes 


thickness, 
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The 
along the middle of the blade channel is calculated on 
In the blade 


12) the torque acting on the blade 


guide vanes 


The physical dimensions of the 


ingle B, height of the blading) are assumed to be known 
velocity ¢ 
4 one-dimensional flow basis channe l, over a dis- 


tance Am (Fig 


angular momentum of the flow between Am or: 


Is equal to the 
change inh 
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phr Ay C cos B (An 
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The velocity in the channel is assumed to 1 linearly between 


suction and pressure side of the blade giving 
oC C4 €.: AC ( ( 
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Fig. 12 Guide vane geometry 


Introducing Bernoulli ind pressure 
ields 


AP 


imination of AP and ¢ 


culation of Af 


rl, versus v ocit ( f ure 


etermination of the slope of the 


ther 


given by (4 


DISCUSSION 
C. R. Faulders' 


The 


“gn, incorporating an Innoy 


iuthors are to be commended for arriving at a diffuser de- 


tion in leading edge configuration, 
with which efficiencies approaching 80 per cent can be realized in 
spite ol inlet Mach n Equally 


interesting is the indi measured with a 


imbers in the low supersonic region 


ition that performances 
steady inlet flow is representative of the performance that can be 
obtained with the same diffuser when the inlet flow is supplied by 
a rotating impeller. By extending the diffuser vanes upstream 
ind largely eliminating the vaneless preliminary section the over- 


At the 


is the authors mention, some of the losses associated with « vane- 


ill radius ratio can, in principle, be reduced same time, 


less diffuser can be eliminated. There are some advantages to 
leaving a vaneless preliminary, however, even if the 
Mach handled The 
interaction of the periodic flow pattern leaving the impeller and 
and the 


suffer from the large varia- 


supersonic 
numbers can be noise produced by the 
the diffuser vanes may be objectionable in some cases, 
performance of the vaned diffuser may 
tions in angle of attack corresponding to this periodic flow. In 
this regard the writer would be interested in knowing the number 
at impeller blades in the experimental compressor used by the 
authors 

The discussion of the authors regarding the use of a subsonic 
radial component of Mach number appears to require some clari- 
fication. There are actually two distinct types of disturbances in 
i supersonic vortex flow that can produce shocks unless the proper 
precautions are taken. The first type of disturbance is one that 
is axisymmetric, where the flow adjustment involves a change in 
Thus, with 
pa supersonic radial component ol Mach number, a circular shock 


the radial component of the Mach number only 


will appear at some radius governed by the back pressure in order 
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that the flow will diffuse toward the back pressure instead of con- 
With a sub- 


the flow can adjust to such 


tinuing to accelerate to lower and lower pressures 
sonic radial Mach number, however 
things as a change in back pressure or an axisymmetric decrease 
in the axial width without shocks. The other type of disturbance 
tangential 
The latter 
situation arises at the leading edge of a diffuser vane, or along the 
here the local Mach and the blade 
geometry determine whether shocks will appear. The case for 
leading edge sweet phac k to preve nt shocks is properly stated by 
the authors 
ever, if the 
the onl) 
Mach number normal to the k ading ( dge 
Although the vaned diffuser was designed for 
2 degrees and a Mach number at the 
obtained at a Mach number 


Prandtl-Mever expansion at the 


is a local one where a nonuniform distribution of the 


component of velocity around a circle is required 


vane surface, and number 


The prin ipl ot sweet pb ick would also apply , how- 


radial component of Mach number were supersonic, 


criterion for a subsonic leading edge being a subsonic 
an incidence of 
132, 
1.30 


exit, the 


inlet. of I maximum 


efficiency was 


Assuming a 


nozzle decrease in the 
in Mach number would be 
Mach number 1.30 


incidence is 


angle 6 corresponding to this increase 


ihout 4 degrees, and the incidence angle at 


would be 6 degrees Although negative iseful u 


decreasing blade curvature in order to reduce secondary flow, it 


would seem that a higher blade !oa iing on the forward part of the 
blade 


loss ole fl erenc\ 


significant 


t of Mach num- 


would result in higher pressure ratio without 


Further data showing the effe« 
it constant incidence would be of interest 
The solidity, 


“ he nm tn apped onto 


ber 


or chord-to-pitch ratio, of the vaned diffuser 


i rectangul il plane by conformal transforma- 
thon W is computed by the writer for the two configurations tested 


authors Ar 


3| was used for this purpose 


teference 


by the ipproximate expression given in I 


giving solidities of 3.0 for the 41- 
ind 2.1 for the design with 29 blades As rectangu- 


ndicate the 


blade diffuser 
optimum solidity to lit 


W ith the 


tests generally 
and 2.0, the 

fewer blades is not surprising If 41 
the basis of the 


peller with the vaned diffuser 


lar cascade 


between 1.5 improvement in performance 


blades can be tolerated on 


interaction of the periodic flow from the 


it should be 


over-all 


im- 
possible to decrease 
reduce the radius ratio of the com- 


the solidity and 


pressor 


Authors’ Closure 


The comments of Dr. Faulders have contributed to enlarging 
the understanding of the phenome non presented in the paper 
The problem of noise as mentioned by the discusser was not en 
countered by the authors on the stationary test rig as well as on 
the actual experimental compressor. The number of impeller 
blades (18), that of the diffuser (29 and 41 


speed were such that no aerodynamic excitation could take place 


and the operating 
In arriving at the design concept presented in the paper, the 
authors have insisted on the axisymmetric free space with a sub 
sonic radial component of Mach number. This is to allow for 
any adjustment of the disturbance due to nonuniform distribution 
of the tangential component of the velocity as mentioned by the 
discusser. Due to the three-dimensional aspect of the problem, 
the authors do not think that successful operation of the diffuser 
would be feasible with a supersonic radial component of Mach 
number in the free space as contended by the discusser who argues 
The 
discusser rightly points out the effect of the incidence on the per- 


on the basis of two-dimensional swept-back wing principle 


formance of the guide vanes obtained from the stationary test 
rig. Regretfully, not enough experimentation was performed to 
clarify this effect 
this experimental work approaches closely the best one as deter- 


It is also fortunate that the solidity used in 
mined by the discusser’s experience. If a larger solidity was 
used, it is due to the introduction of a conservatism by the authors 
in this exploratory work. 
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Elastic Orifices for Gas Bearings: compared to 1, since the area A, of the orifice is very small com 


pared with the upstream area, 





: The flow rate Q increases with increasing pressure differential 
JOHN H. LAUB? i ) 2 increase 1 Increasing | itia 


P p,— Po until the critical pressure ratio rer = Pocr/P pis reached, 


EXTERN ALLY pressurized gas bearings usually operate eitherwith which for air with K = 1.4 is 52.8 per cent. The velocity of 


flow restriction by means of fixed-diameter orifices or by inherent the gas then becomes sonic and does not increase further with 


regulation, in which case the annular entrance area from the inlet increasing pressure differential Pp, Py. The orifice operates 
to the gap acts as a restrictor of the gas flow. Ifa fixed-diameter jn the choked condition with no further increase of the flow rate 
orifice is used, the mass flow rate G@ through the orifice can be with increasing pressure differential. This is shown by Fig. 2, 
expressed as: in which messurements of the air flow rate Q;; through a fixed 


G = C,@A2[2pp1(Pp_ — Po)|*!? ( 


where Cp denotes the orifice coefficient, Pp, the absolute pressure 
of the gas upstream of the orifice (i.e., in the plenum), P» the ab- 
solute pressure downstream, pp, the density of the gas at pres- 


sure P p,, Az the orifice area, and 


where r = P, P pi, A, is the area of the flow upstream, and K 
C',/C,, the ratio of the specific heats of the gas at constant pres- 
sure C,, to that at constant volume C,,. 

Values of @ are plotted as a function of r in Fig. 1 for two 
values of K, i.e., K = 1.4 and K = 1.3, covering the range of K 
for air between very low and very high temperatures (approxi- 
mately 200 to 1800 deg C). The ratio (A 1,)2 can be neglected 


This paper presents the results of one phase of research carried 
+} 


out at the Jet Propulsion Laboratory, California Institute of Tech- 


nology, under Contract No. NASw-6, sponsored by the Nationa 
Aeronautics and Space Administration 





Jet Propulsion Laboratory, California Institute of Technology 
Pasadena, Calif, 
Contributed by the Lubrication Division of THe American 
Society or MecwHanicat ENGINEERS. Manuscript received at 
ASME Headquarters, May 31, 1960. Fic. 1 Plot of ¢ as a function of r for two values of K 
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Fig. 2 Performance of fixed and elastic orifices in pad bearing 
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7 diameter 
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Fig.3 Configuration of elastic orifice whose area is pressure-sensitive 


orifice of 3.5-mil diameter in 
tion of Pp, P 


Ina gas lx aring it is desirable 


. pad bearing are plotted as a fune- 
, with P pr held constant at 40 psig 

to keep the gas consumption to 
1 minimum, not only for reasons of economy but also in order to 
stay 
shock 


pairment or loss of load-carrying capacity 


within the laminar flow me in the gap and to avoid 


Waves profiles with 


ind negative pressure ittendant im- 
Hence orifices with 
i small, fixed diameter of a few mils are often used 


limit of the 


The lower 


orifice diameter is determined by mechanical con- 


siderations, such as the size of dust particles which may be car- 
ried along by the gas stream and must be prevented from clogging 
the orifices 

In most applications, a bearing with a high spring rate or stiff 


ness is required. This is particularly true of gimbal axis bearings 


in gyros or similar inertial instruments in which the mass shift 


inder accelerating forces must be held to a minimum. It has 
with the ! 


where P, 


fixed-diameter orifice is 


been shown that the gap h varies 
of the flow rate Q and (P. P 
therefore 


power ol the ratio 
is the exhaust pres- 
sure. It is evident 
not conducive 


to high stiffness 1e flow rate Q is constant 


below and decreases above 


pressure The stiffness 
in obviously be improved if the flow rate increases with increas- 
ing pressure or remains nt over as wide a ire 


rhe ideal se would be 


, resulting in a con it gap A, 1« 


range as possibl 
P,? P 
Phese 


‘ in orihics 


a] proportional to 


infinite stillness 


considerations led ncept of an elastic 


orice 


whose area does not remain constant but decreases 


with increasing differential between upstream and downstream 


ressure An orifice with a variable, pressure-sensitive area 
iy consist, for instance, of a circular disk of silicone rubber or 


some other elastomer, as shown in Fig. 3. The orifice 


opening 


vas made by molding the elastomer around a pin of 3.5-mil 


liameter and withdrawing the pin after the material had set 


If the pressure differential across this orifice is zero, the elas- 


tomer will not be stressed and the orifice diameter in this relared 
state is 3.5 mil lf, however, a difference between the 


ipstream and the downstream area occurs, the material will be 


elastically deformed and the diameter of the opening will de- 


crease, 


This is shown in Fig. 4, in which measured flow rates 
().; through this orifice are plotted when the upstream pressure is 
varied between 8 psig and 48 psig and the downstream pressure 
is held constant Also shown is the 


at atmospheric pressure. 


diameter D of the orifice opening, which was calculated from the 
‘John H. Laub, “Hydrostatic Gas 


Series D, Journat or Basic 
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Trans. ASME, 
1960, pp. 276 
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Fig. 5 Comparison between fixed and elastic orifices in recessed 
spherical bearing 


flow rate and Expression (1 It will be noted that the effective 
diameter of this orifice shrinks from 3.5 mil in the relaxed condi- 
tion to 2.5 mil under a differential pressure of 48 psig; the corre- 
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sponding shrinkage of the orifice area is approximately 2 to 1. 
It is interesting to compare this with the performance of an ori- 
fice with a fixed diameter of 3.5 mil for which flow measurements 
made under the same conditions are also entered in Fig. 4 (Curve 
Qi). The flow rate Q; 
increasing differential pressure. 


increases, whereas Q.) decreases with 


The performance of the elastic orifice in a pad bearing of 1-in.’ 
irea at 40 psig plenum pressure is compared in Fig. 2 with that 
It is seen that the 
gas flow through the elastic orifice is considerably lower over 


of an orifice of a fixed diameter of 3.5 mil. 


most of the range than through the fixed orifice; if the latter is 
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run in the choked condition (which is common bearing practice 
it consumes over 2.6 times as much air as the elastic orifice. 
Similar results were obtained from tests on a hemispherical 
bearing, which are plotted in Fig. 5. The gas consumption Qe) 
of the bearing with the elastic orifice is only 31.5 per cent of that 
with the fixed orifice at the same load 
lubricated 


This means that a gas- 
vehicle 
can travel three times further with the same initial supply of gas 


instrument with elastic orifice in a space 


At the same time, the stiffness of the bearing is substantially im- 
proved over a wide range of loads, as can be seen from the slope 


dh/dw of the hyo = f(w) curves in Fig. 5. 
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METALS ENGINEERING — DESIGN 


Metals properties and other general criteria serve only as starting points in this 
volume. It gives you much more detail pertinent to special design problems 
shows you how to test to see how a material will work for a specific purpose . . . how 
to determine performance of parts in your design . . . how to strengthen metal 
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to keep costs down. Facts you get represent current practices in handling 
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